Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

January 2016

INFLUENCE OF MOLECULAR
STRUCTURES ON THE PROPERTIES OF
COMPLEMENTARY SEMICONDUCTING
POLYMER BLENDS
Xikang Zhao
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Recommended Citation
Zhao, Xikang, "INFLUENCE OF MOLECULAR STRUCTURES ON THE PROPERTIES OF COMPLEMENTARY
SEMICONDUCTING POLYMER BLENDS" (2016). Open Access Dissertations. 1238.
https://docs.lib.purdue.edu/open_access_dissertations/1238

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

*UDGXDWH6FKRRO)RUP
8SGDWHG 

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
7KLVLVWRFHUWLI\WKDWWKHWKHVLVGLVVHUWDWLRQSUHSDUHG
%\ Xikang Zhao
(QWLWOHG INFLUENCE OF MOLECULAR STRUCTURES ON THE PROPERTIES OF



COMPLEMENTARY SEMICONDUCTING POLYMER BLENDS

)RUWKHGHJUHHRI

Doctor of Philosophy

,VDSSURYHGE\WKHILQDOH[DPLQLQJFRPPLWWHH
Jianguo
 Mei
Chengde Mao

David R. McMillin

Tong Ren
To the best of my knowledge and as understood by the student in the Thesis/Dissertation Agreement,
Publication Delay, and Certification/Disclaimer (Graduate School Form 32), this thesis/dissertation
adheres to the provisions of Purdue University’s “Policy on Integrity in Research” and the use of
 copyrighted material.
Jianguo Mei

$SSURYHGE\0DMRU3URIHVVRU V BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
$SSURYHGE\ Timothy Zwier
+HDGRIWKH'HSDUWPHQW*UDGXDWH3URJUDP

11/21/2016
'DWH

i

INFLUENCE OF MOLECULAR STRUCTURES ON THE PROPERTIES OF
COMPLEMENTARY SEMICONDUCTING POLYMER BLENDS

A Dissertation
Submitted to the Faculty
of
Purdue University
by
Xikang Zhao

In Partial Fulfillment of the
Requirements for the Degree
of
Doctor of Philosophy

December 2016
Purdue University
West Lafayette, Indiana

ii

献给我的父亲母亲
For my father and mother.

iii

ACKNOWLEDGEMENTS

There are many people that I would like to express my gratitude and appreciation
to. First of all, I would like to thank my parents for giving me life, love, open
environment and long lasting support. As a successful scientist, my father has always
been a model for me in my career. I am deeply indebted to my mother for always being a
wise listener and keeping our home sweet and warm.
I would also like to thank my advisor, Dr. Jianguo Mei. Without his warm support
and high standards, none of these can be achieved. Although I’m still trying to catch up
with his high standards, he has helped reshape me in a number of aspects. He has been an
outstanding advisor and a generous supporter and I desperately owe an overwhelming
thank you.
Next, I would like to thank my present and previous committee members,
Professor Suzanne Bart, Professor Mahdi M. Abu-Omar, Professor David R. McMillin,
Professor Chengde Mao and Professor Tong Ren for contributing time, expertise and kind
support throughout my years at Purdue.
I also wish to thank my wonderful labmates in the e-Polymer Lab. Dr. Yan Zhao
has been an extremely reliable device physicist and it has always been an honor to
collaborate with him. He also helped me know this field a lot by sharing me with
knowledge and insights. Dr. Liyan You, our highly experienced synthetic chemist, has

iv
always been helpful when I need suggestions on my chemistry. Aristide Gumyusenge has
been a very inspired and helpful colleague and it has been pleasure working with him.
Not to mention our visiting scholars, Guobiao Xue and Tianbai Xu, for being marvelous
coworkers.

Last but not least, I would also like to thank the two hard-working

undergraduate students, Vani Singhania and Zhuorui Zhang, for the time and effort that
you have spent with me. Your
I am also grateful to my collaborators who have contributed to my projects. Ge
Qu and Fengjiao Zhang from Dr. Ying Diao’s group at UIUC contributed to the GIXRD
measurements. Dr. Kenneth Graham from University of Kentucky helped with the UPS
experiments. Dr. Bing Xu from Dr. John Reynolds’ lab from Georgia Tech contributed to
the high temperature GPC measurements. Tongbo Wu from Dr. Meiping Zhao’s group
from Peking University helped with mass spec.
Finally, I would like to thank my dear brothers and sisters for their support
throughout the years. I owe a great amount of thanks to Curt and Halie Bougher, my best
friends in the States, who welcomed me and treated me as their brother. It’s always hard
to start life abroad, and you have made this journey enjoyable from the very beginning. I
would also like to thank Miss Yongmei Chen, Miss Yuyan Xiang, Miss Yanhong Xu, Wei
Wang (F), Zengyu Fu, Yuqi He, Xiang Li, Yang Lin, Yuansong Shi, Jing Wang, Wei Wang
(M), Chenliang Yao and Hang Yin, etc, or my dear teachers, brothers and sisters from
high school, for bringing in hope in my darkest times and our life-long companionship.
Besides, I also want to thank my good friend Zhen Chen for his encouragements in these
years.

v

TABLE OF CONTENTS
Page
LIST OF TABLES ............................................................................................................. ix
LIST OF FIGURES .............................................................................................................x
ABBREVIATIONS ......................................................................................................... xiii
ABSTRACT ..................................................................................................................... xvi
CHAPTER 1. INTRODUCTION ....................................................................................... 1
1.1 Introduction to Organic Semiconductors .......................................................... 1
1.2 Charge Transport in Organic Semiconductors .................................................. 4
1.2.1 Charge Transport in Small Molecular Organic Semiconductors ............. 5
1.2.2 Charge Transport Models for Semiconducting Polymers ........................ 6
1.3 Polymer-Based Organic Field-Effect Transistors ........................................... 11
1.3.1 Device Structures of Organic Field-Effect Transistors .......................... 11
1.3.2 Fabrication of Polymer-Based OFETs Using Solution Processing
Methods .................................................................................................12
1.3.3 Fabrication of Polymer-Based OFETs Using Melt Processing
Methods .................................................................................................14
1.4 Complementary Semiconducting Polymer Blends ......................................... 15
1.4.1 Conjugation-Break Spacers ................................................................... 15
1.4.2 Complementary Semiconducting Polymer Blends for Efficient Charge
Transport ................................................................................................ 18
1.5 Summary ......................................................................................................... 21
1.6 References ....................................................................................................... 23
CHAPTER 2. THE INFLUENCE OF CONJUGATION-BREAK SPACERS LENGTH
IN MATRIX POLYMERS ........................................................................ 26
2.1 Introduction ..................................................................................................... 26
2.1.1 Project Motivation ................................................................................. 26
2.2 Experimental ................................................................................................... 28
2.2.1 Materials ................................................................................................ 28
2.2.2 Methods.................................................................................................. 28

vi
Page
2.2.2.1 General Characterizations .......................................................... 28
2.2.2.2 Photophysical Measurements .................................................... 29
2.2.2.3 FET Device Fabrication and Characterization........................... 30
2.2.3 Synthesis ................................................................................................ 32
2.2.3.1
1,4-Diketo-3,6-di(thiophene-2-yl)pyrrolo[3,4-c]pyrrole .. 32
2.2.3.2
2,5-Bis(4-decyltetradecyl)-3,6-di(thiophen-2-yl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione ..................................... 32
2.2.3.3
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)
pyrrolo[3,4-c] pyrrole-1,4(2H,5H)-dione ........................ 33
2.2.3.4
1,2-Di(thiophene-2-yl)ethane (ThC2Th) ........................... 34
2.2.3.5
1,2-Bis((5-trimethylstannyl)thiophen-2-yl)ethane
(Me3SnThC2ThSnMe3) ..................................................... 35
2.2.3.6
1,20-Dibromo-10-eicosene ............................................... 35
2.2.3.7
1,20-Dibromoicosane ........................................................ 36
2.2.3.8
General Procedure for Dithiophenyl Alkane Derivatives
(ThCmTh, m = 4 to 12) ...................................................... 37
2.2.3.9
General Procedure for the Synthesis of the Ditin
Monomers, Me3SnThCmSnMe3 (m = 4 to 12 and 20) ...... 39
2.2.3.10
General Method for Polymerization and Purification of
Polymers ...........................................................................42
2.3 Results ............................................................................................................. 44
2.3.1 Synthesis of the Ditin Monomers with Alkylene Spacers of Different
Lengths....................................................................................................44
2.3.2 Synthesis and Purification of DPP-Cm .................................................. 45
2.3.3 Photophysical Properties of DPP-Cm .................................................... 47
2.3.4 Thermal Properties of DPP-Cm ............................................................. 49
2.3.5 FET Characterizations of DPP-Cm and the Corresponding c-SPBs .....50
2.3.6 AFM Images .......................................................................................... 53
2.3.7 X-Ray Measurements............................................................................. 58
2.4 Discussion ....................................................................................................... 59
2.4.1 Ditin Monomers ..................................................................................... 59
2.4.2 Molecular Weights of the Polymers ...................................................... 60
2.4.3 Photophysical Properties of the Polymers ............................................. 62
2.4.4 Thermal Properties of the Polymers ...................................................... 63
2.4.5 Charge Transport Properties of CBS Polymers and c-SPBs .................. 66
2.4.6 Thin Film Morphology of CBS Polymers and Their c-SPBs ................ 68
2.4.7 GIXRD Results and Packing of the Polymer Molecules ....................... 69
2.4.8 Correlation Between the Odd−Even Effects of Physical Properties,
Thin Film Morphology and Charge Transport ......................................70
2.5 Conclusion ...................................................................................................... 72
2.6 References ....................................................................................................... 73

vii
Page
CHAPTER 3. THE INFLUENCE OF SIDE CHAINS OF THE MATRIX POLYMER . 75
3.1 Introduction ..................................................................................................... 75
3.1.1 Side Chain Engineering ......................................................................... 75
3.1.2 Project Motivation ................................................................................. 76
3.2 Experimental ................................................................................................... 78
3.2.1 Materials ................................................................................................ 78
3.2.2 Methods.................................................................................................. 78
3.2.3 Synthesis ................................................................................................ 79
3.2.3.1
General Methods for the Synthesis of Alkyl Bromides ... 79
3.2.3.2
General Method for the Synthesis of DPP Derivatives ... 80
3.2.3.3
2,5-Bis(10-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)
decyl)-3,6-di(thiophen-2-yl) pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione .............................................................. 83
3.2.3.4
2-(10-(1,1,1,3,5,5,5-Heptamethyltrisiloxan-3-yl)decyl)5-(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]
pyrrole-1,4(2H,5H)-dione ................................................ 84
3.2.3.5
General Procedure for the Synthesis of the Dibrominated
DPP Monomers ................................................................. 84
3.3 Results ............................................................................................................. 88
3.3.1 Syntheses of the DPP-Based Derivatives with Different Side Chains ..88
3.3.2 Synthesis of the Matrix Polymers with Different Side Chains ...............88
3.3.3 Photophysical Properties of the Matrix Polymers ................................. 89
3.3.4 Thermal Properties of the Monomers and the Matrix polymers ........... 91
3.3.5 FET Characterizations ........................................................................... 93
3.3.6 AFM Images .......................................................................................... 96
3.3.7 X-Ray Measurements............................................................................. 98
3.4 Discussion ....................................................................................................... 99
3.4.1 Synthesis of the DPP Monomers with Different Side Chains ............... 99
3.4.2 Synthesis of the Matrix Polymers with Different Side Chains ........... 100
3.4.3 Photophysical Properties of the Matrix Polymers ............................... 101
3.4.4 Thermal Properties of the Monomers and the Matrix Polymers.......... 102
3.4.5 Charge Transport Properties of the Matrix Polymers and the
c-SPBs ................................................................................................. 103
3.4.6 Thin Film Morphology of Polymers with Different Side Chains and
the c-SPBs ........................................................................................... 107
3.4.7 GIXRD Results .................................................................................... 108
3.5 Conclusion .................................................................................................... 110
3.6 References ..................................................................................................... 111

viii
Page
CHAPTER 4. THE INFLUENCE OF MOLECULAR WEIGHTS OF
THE TIE CHAIN POLYMER................................................................. 113
4.1 Introduction ................................................................................................... 113
4.1.1 Influence of Molecular Weights on Charge Transport of
Semiconducting Polymers .................................................................. 113
4.1.2 Project Motivation ............................................................................... 114
4.2 Experimental ................................................................................................. 115
4.2.1 Materials .............................................................................................. 115
4.2.2 Methods................................................................................................ 115
4.2.3 Synthesis .............................................................................................. 115
4.2.3.1
Synthesis of 2,5-bis(trimethylstannyl)thieno[3,2-b]
thiophene (Me3SnTTSnMe3) ......................................... 115
4.2.3.2
Preparation of DPP-TT ...................................................116
4.3 Results ........................................................................................................... 117
4.3.1 DPP-TT as Tie Chain Polymer .............................................................117
4.3.2 Molecular Weights of DPP-TT Samples ............................................. 118
4.3.3 Photophysical Properties of DPP-TT with Different Molecular
Weights ............................................................................................... 118
4.3.4 FET Characterizations ..........................................................................120
4.3.5 AFM Images .........................................................................................120
4.4 Discussion ..................................................................................................... 122
4.4.1 DPP-TT as Tie Chain Polymer ............................................................ 122
4.4.2 Preparation of DPP-TT with Different Molecular Weights ................. 122
4.4.3 Charge Transport Properties of DPP-TT with Different Molecular
Weights and the Corresponding c-SPBs ..............................................125
4.4.4 Morphology of DPP-TT with Different Molecular Weights and the
c-SPBs...................................................................................................127
4.5 Conclusion .................................................................................................... 128
4.6 References ..................................................................................................... 129
VITA ............................................................................................................................... 130
PUBLICATION .............................................................................................................. 131

ix

LIST OF TABLES

Table

Page

2.1. Physical properties of DPP-Cm. .................................................................................46
2.2. Charge transport characteristics of DPP-Cm and c-SPB with 2 wt% of DPP-C0. .....50
3.1. Physical properties of the CBS polymers with different side chains. .........................89
3.2. FET characteristics of the CBS polymers and their c-SPBs. ......................................94
3.3. Charge carrier mobilities of the CBS polymers annealed at different
temperatures. .............................................................................................................104
3.4. Crystallographic parameters for the films of pure polymers and c-SPBs. ................109
4.1. Molecular weights and photophysical properties of DPP-TT with different
molecular weights. ................................................................................................... 118
4.2. OFET characteristics of DPP-TT with different MWs and their corresponding
c-SPBs. .....................................................................................................................120

x

LIST OF FIGURES
Figure

Page

1.1.

Examples of small molecular (a-c) and polymeric (d-f) organic semiconductors. ..3

1.2.

Typical molecular packing structures for small molecular OSCs. ..........................5

1.3.

2-D charge transport model for rr-P3HT. ................................................................7

1.4.

HOMO and LUMO of D-A polymers. ....................................................................8

1.5.

Typical microstructure of D-A conjugated polymers with disordered
aggregates. .............................................................................................................10

1.6.

Structure of a bottom-gate bottom-contact (BGBT) FET device. .........................11

1.7.

Illustration of common solution processing methods. ...........................................13

1.8.

Structure and properties of DPP-x. ........................................................................17

1.9.

Design and model of c-SPB. ..................................................................................20

2.1.

Structure of the DPP-based CBS polymers, DPP-Cm. ..........................................27

2.2.

Normalized UV-Vis-NIR spectra of the CBS polymers, DPP-Cm
(m = 2 to 12 and 20), in chloroform solutions (top) and as thin films (bottom). ...48

2.3.

Thermogravimetric analysis (TGA) curves of the CBS polymers.........................49

2.4.

Transfer and output curves of pure polymer OFETs. .............................................51

2.5.

Transfer and output curves of c-SPB OFETs with 2 wt% DPP-C0 blended
into the matrix polymer. .........................................................................................52

2.6.

AFM images of pure CBS polymer thin films. The films were tested as cast. ......54

2.7.

AFM images of pure CBS polymer thin films. The films were annealed at
80 °C before tested. ................................................................................................55

xi
Figure

Page

2.8.

AFM images of pure CBS polymer thin films. The inset shows the crosssection figures of DPP-C3 and DPP-C4. The films were annealed at 120 °C
before tested. ..........................................................................................................56

2.9.

AFM images of c-SPB thin films with 2 wt% of DPP-C0. The films were
annealed at 120 °C before tested............................................................................57

2.10.

GIXRD images of the CBS polymers, DPP-Cm. ..................................................58

2.11.

UV-Vis spectra of DPP-C5 and DPP-C0. ..............................................................63

2.12.

Relationship between melting points (squares) and heats of fusion (triangles)
of the CBS polymers and the length of CBS. ........................................................64

2.13.

Charge carrier mobility as a function of the number of methylene units in
CBS of pure CBS polymers and c-SPBs with 2 wt% of DPP-C0 FET
devices annealed at 120 °C. Error bar represents one standard deviation. ............66

2.14.

d-d spacing (a) and π-π stacking (b) distances as a function of the length
of CBS....................................................................................................................69

3.1.

Structures, nomenclatures and syntheses of the DPP-based monomers
with different side chains. ......................................................................................77

3.2.

Normalized UV-vis-NIR absorbance spectra of the matrix polymers in
dilute chloroform solutions (top) and as thin films (bottom). ................................90

3.3.

TGA thermograms of the matrix polymers with different side chains. .................91

3.4.

DSC thermograms of the monomers (top) and the matrix polymers (bottom). .....92

3.5.

Transfer and output curves of the CBS polymer OFETs. .....................................94

3.6.

Transfer and output curves of the c-SPB OFETs with 5 wt% DPP-C0 blended
into the matrix polymers. ......................................................................................95

3.7.

AFM images of pure CBS polymer thin films. The films were tested as cast. .....96

3.8.

AFM images of pure CBS polymer thin films. The films were annealed
under the temperatures indicated in Table 3.2. ......................................................96

3.9.

AFM images of c-SPB thin films with 5 wt% of DPP-C0. The films were
tested as cast. .........................................................................................................97

xii
Figure

Page

3.10. AFM images of c-SPB thin films with 5 wt% of DPP-C0. The films were
tested after annealing under the temperatures specified in Table 3.2. ..................97
3.11.

GIXRD images of the CBS polymers with different side chains. ........................98

3.12.

Charge carrier mobilities of selected CBS polymers with different side
chains. ..................................................................................................................105

3.13.

Charge carrier mobilities of selected CBS polymers and their c-SPBs. ..............106

4.1.

Structures and syntheses of DPP-TT and DPP-C5. ............................................ 114

4.2.

Hole mobility as a function of wt% of DPP-TT (not fractioned) in the
c-SPBs with DPP-C5. ......................................................................................... 117

4.3.

(a) GPC curves of DPP-TT samples. (b) UV-Vis-NIR spectra of DPP-TT
with different MWs in dilute chloroform solutions. (c) UV-Vis-NIR spectra
of DPP-TT with different MWs as thin films. .................................................... 119

4.4.

AFM images of DPP-TT with different MWs (top) and their c-SPBs with
95 wt% of DPP-C5 (bottom). ..............................................................................121

4.5.

NMR spectra of DPP-TT with different molecular weights. ..............................123

4.6.

Charge carrier mobilities of DPP-TT (black line) and the c-SPBs with
95 wt% of DPP-C5 as a function of Mn of DPP-TT. The Mn of DPP-TT
is assumed as 150 kDa to show the trend. ..........................................................125

4.7.

AFM images and cross-section graphs of DPP-TT with MWs of 11.8
and 91.5 kDa. ......................................................................................................127

xiii

ABBREVIATIONS

1

H

Proton

δ

Chemical shift

λ

Wavelength

µ

Charge carrier mobility

AFM

Atomic force microscopy

Au

Gold

BGBT

Bottom-gate bottom-contact

CBS

Conjugation-break spacer

CDCl3

Deuterated chloroform

c-SPB

Complementary Semiconducting Polymer Blend

d

Doublet

d

Deuterium

D-A

Donor-Acceptor

dba

Dibenzylideneacetone

dd

Doublet of doublet

DPP

Diketopyrrolopyrrole

DMF

N,N-dimethylformamide

DMSO

Dimethyl sulfoxide

xiv
DSC

Differential scanning calorimetry

equiv.

Equivalent

FET

Field-effect transistors

GIXRD

Grazing incidence X-ray diffraction

GPC

Gel permeation chromatography

H2SO4

Sulfuric acid

ICT

Intrachain charge transfer

ITO

Indium tin oxide

H2O

Water

H2O2

Hydrogen peroxide

HOMO

Highest occupied molecular orbital

HPLC

High performance liquid chromatography

LUMO

Lowest unoccupied molecular orbital

m

multiplet

m.p.

Melting point

MW

Molecular Weight

Mn

Number-average molecular weight

NDI

Naphthalene diimide

NMR

Nuclear magnetic resonance spectroscopy

O2

Oxygen

OFET

Organic field-effect transistors

OLED

Organic light-emitting diodes

OPV

Organic photovoltaic cells

xv
OSC

Organic semiconductor

OTS

Octadecyltrichlorosilane

PDI

Polydispersity index

PEDOT:PSS

Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

PTFE

Poly(tetrafluoroethylene)

rr-P3HT

Regioregular-poly(3-hexylthiophene)

s

Singlet

SCLC

Space charge limited current

SEC

Size exclusive chromatography

t

Triplet

TEG

Triethylene glycol

TGA

Thermal gravimetric analyses

TLC

Thin layer chromatography

TT

Thienothiophene

UHV

Ultra high vacuum

UPS

Ultraviolet photoelectron spectroscopy

UV-Vis-NIR

Ultraviolet-visible-near-infrared

Vg

Gate voltage

Vth

Threshold Voltage

wt%

Weight percent

xvi

ABSTRACT

Zhao, Xikang. Ph.D., Purdue University, December 2016. Influence of Molecular
Structures on the Properties of Complementary Semiconducting Polymer Blends. Major
Professor: Jianguo Mei.

Semiconducting polymers are considered as the materials for the next generation
large-area and flexible electronics. In the past several decades, extensive effort has been
to understand and improve the charge transport properties of semiconducting polymers.
Chapter one is an introduction to organic semiconductors and complementary
semiconducting polymer blends. Complementary semiconducting polymer blends is
recently proposed and established by our research group. The complementary
semiconducting polymer blends consist of a matrix polymer (main component, with
intentionally introduced flexible conjugation break spacer along the polymer backbone)
and a tie chain polymer (fully-conjugated polymer). Previous studies on these blends
have shown that with 1 wt% of the tie chain polymer in the matrix polymer, charge
carrier mobility becomes two orders of magnitude higher than the matrix polymer and
lies in the same order of the tie chain polymer. The subsequent chapters describe the
synthesis and characterizations of semiconducting polymers with different structural
features. Chapter two details the influence of the length in the matrix polymer to the
physical properties and charge transport of the matrix polymer and the complementary

xvii
semiconducting polymer blends. The results reveal that with longer side chains, matrix
polymers exhibit lower melting points, higher crystallinity and lower charge carrier
mobilities. Profound odd-even effects are also observed in these properties. As for the
complementary semiconducting polymer blends, charge carrier mobilities is less sensitive
to the conjugation-break spacers. Chapter three presents a series of matrix polymers with
different side chains and the physical properties and charge transport of these polymers
and the complementary semiconducting polymer blends. The chapter describes that side
chain has a significant influence on the physical properties of the polymers. Specifically,
polymers with asymmetric side chains exhibit much lower melting points than the
symmetric analogues. As for charge carrier mobilities, polymers with alkyl and siloxaneterminated side chains show similar properties, whereas the presence of oligoether side
chain leads to a decrease for orders of magnitudes. Chapter four focus on the influence of
the molecular weight of the tie chain polymer on the charge carrier mobilities of the
complementary semiconducting polymer blends. The result shows that although for the
tie chain polymer itself, molecular weights higher than a certain region leads to decrease
in charge carrier mobilities, for the complementary semiconducting polymer blends tie
chain polymer with higher molecular weight is in favor of charge transport.

1

CHAPTER 1. INTRODUCTION

1.1 Introduction to Organic Semiconductors
Organic semiconductors (OSCs) are a group of organic compounds containing πsystems that can be used to build electronic devices such as organic light-emitting diodes
(OLEDs)1, organic photovoltaic cells (OPVs)2,3, organic field-effect transistors (OFETs)46

, electrochromic devices7 and laser generators8. Compared to the traditional silicon- or

oxide-based semiconducting materials, organic semiconductors are distinct in several
aspects. Inorganic semiconductors are constructed from continuous 3D network of atoms,
which gives rise to an electronic band structure. For organic semiconductors, on the other
hand, despite the overlapping of the p orbitals within the π-system, the intermolecular
interactions are comparatively weak, leading to bands with narrower widths. Charge
carriers, i.e., holes for p-type semiconductor and electrons for n-type semiconductors, in
inorganic semiconductors are generated from either thermal excitation or lattice defects
for intrinsic semiconductors or doping for extrinsic semiconductors. For organic
semiconductors, charge carriers are introduced externally by chemical or electrochemical
doping, photoexcitation or injection from the electrodes.

2

Both organic small molecules and polymers have been reported as
semiconducting materials with high performance. For small molecular organic
semiconductors, the well-defined structures and high purities lead to low batch-to-batch
variation of the materials. However, in order to fabricate devices with both high
performance and high reproducibility, great efforts are required in controlling the
crystallization during the fabrication processes.9 Semiconducting polymers, on the other
hand, are more suitable for fabricating large-area and/or flexible devices and the
fabrication processes are typically less demanding for industries. Semiconducting
polymers are typically synthesized from metal-catalyzed cross-coupling reactions, such
as Stille coupling, Suzuki coupling, direct arylation polymerization, etc. The molecular
weights and polydispersity indexes (PDIs) are highly dependent on the purity and
weighing errors of the monomers, leading to inconsistency and batch-to-batch deviations.
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Figure 1.1. Examples of small molecular (a-c) and polymeric (d-f) organic
semiconductors: a) pentacene; b) 6,13-bis(triisopropylsilylethynyl)pentacene (TIPSpentacene); c) naphthalene diimide (NDI)5; d) regioregular poly(3-hexylthiophene) (rrP3HT)10; e) poly(diketopyrrolopyrrole-co- thieno[3,2-b]thiophene11;
f) poly(NDI-co-dithiophene)12.

n

4

1.2 Charge Transport in Organic Semicondutors
The field of OSCs has witnessed a significant increase in the past several decades
owing to the continuous and massive growth in the charge carrier mobilities. Charge
carrier mobility, which describes the speed of holes or electrons normalized according to
the electric field within a semiconducting material, is a key factor for any electronic
devices. For example, the first solution-processed polymer field-effect transistor (FET),
which was published in 1988 and based on regioramdom poly(3-hexylthiophene)13, only
presented hole mobility in the order of 10-5 cm2 V-1 s-1, whereas a number of
semiconducting polymers exhibiting hole and/or electron mobilities over 1 cm2 V-1 s-1
(and over 10 cm2 V-1 s-1 in some cases) have been reported in recent years.4 These results
provide perspectives on the application in commercial areas. However, such intriguing
improvements have far exceeded theoretical predictions. Although researchers have
strived to reveal the relationship between charge carrier mobilities and the structures of
the organic semiconductors and have managed to propose models that address these
questions over the decades, they have been challenged by the emerging new materials
and new models are still in demand for a thorough understand.
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1.2
2.1 Charge Transport
T
in Small Moleccular Organiic Semicondductors
Charg
ge transport in
i small mollecular organnic semicondductors is coomparativelyy
well
w understo
ood.14 The well-defined
w
structures
s
annd high puritties of these materials m
make
itt rather feasib
ble to study their chargee transport chharacteristics. The moleccules, whichh
co
onsist of exttended π-systems, packs with each other to form
m different strructures
in
ncluding herrringbone, 1D
D lamellar an
nd 2D lamelllar motifs (F
Figure 1.2). A
co
omprehensiv
ve review ov
ver more than
n 100 small molecular O
OSCs revealeed that mostt
materials
m
with
h charge carrrier mobility
y larger thann 1 cm2 V-1 s-1 adopted thhe 1D or 2D
laamellar pack
king motifs.6 Thus, highlly ordered π--π stacking w
within materrials with higgh
crrystallinity is crucial forr efficient ch
harge transpoort for small molecular O
OSCs. In adddition,
fo
or pristine OSCs,
O
crystallline boundaaries, where ππ-π stackingg is halted, seerve as majoor
barriers for th
he charge traansport in thee bulk. Charrge transportt across the bboundaries iss
much
m
slower than within the crystalline domains.. Consequenntly, device ffabrication w
with
fiine-controlleed conditionss is crucial to
o minimize tthe formatioon of such booundaries annd to
acchieve high charge carrier mobilitiess.

1 Typical molecular packing
p
strucctures for sm
mall molecular OSCs: a)
Figure 1.2.
herringbone motif; b)
b 1D lamellaar packing m
motif; c) 2D lamellar paccking motif.6
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1.2.2 Charge Transport Models for Semiconducting Polymers
Early studies on the relationship between chemical structure, morphology and
charge transport for semiconducting polymers were clearly influenced by the models
from small molecular OSCs, where charge transport occurs along the π-stacks and
crystallinity of materials plays a significant role. These studies focused mainly on
polythiophene-based materials owing to the early success of these materials in both
research and commercial areas.15 Sirringhaus et al. proposed a two-dimensional charge
transport model for regioregular-poly(3-hexylthiophene) (rr-P3HT) (Figure 1.3).16
According to this model, the efficient charge transport of rr-P3HT is a result of highly
ordered stacking structures both in π-π and lamellar directions. Within the crystalline
regions, the charge carriers have an intrachain polaronic nature, and the interchain
interactions between the polymer molecules also play a significant role, which reduces
the relaxation energy compared to corresponding radical cations on isolated polymer
chains. This 2D feature leads to a pronounced anisotropic character for the charge
transport. The hole mobilities of thin films with the polymer molecules taking an edge-on
configuration are measured to be about 100 times greater than those taking a face-on
configuration. The disordered region, on a contrary, only serves as trap in these materials.
Thus, high crystallinity is crucial to achieve high charge carrier mobilities.
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Figure 1.3. 2-D
2 charge transport
t
mo
odel for rr-P 3HT. The effficient chargge transport is a
result of fast intrachain process
p
along
g the polymeer backbone with the colllaboration oof the
interch
hain interacttions in the ππ-π stacking direction.

Howeever, this mo
odel has beeen challengeed in recent years as a nnumber of donorA) polymerss are reported to exhibit high chargee carrier mobbilities but rrather
accceptor (D-A
lo
ow crystallin
nity. The baackbones off these polym
mers consistt of alternatting electronn-rich
(d
donor) and electron-poo
e
or (acceptor)) units. The benefit for tthis structurre arises from
m the
sttrong electro
onic interactiion between
n these units.. With the sttrong interacction betweeen the
donor units an
nd the accep
ptor units, th
he highest occcupied moleecular orbitaal (HOMO) oof the
y the donor’s character, while the lowest unocccupied moleecular
polymer conttains mainly
MO) has a strong intrachain charrge transferr (ICT) chaaracter, whicch is
orrbital (LUM
ty
ypically low
wer than bo
oth the don
nor and thhe acceptor unit (Figuure 1.4).17 A
As a
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co
onsequence,, semicondu
ucting polym
mers with ssmall band gaps that ccan be tuneed by
ch
hoosing the suitable don
nor and acceeptor units ccan be desiggned and obbtained. Althhough
having high charge carrrier mobilitties, these polymers tyypically havve much ppoorer
crrystallinitiess. Take dikeetopyrrolopyrrole-based D-A polym
mers as an exxample, althhough
peaks are typ
pically obserrved from grrazing-incideent x-ray diffraction, onnly few polyymers
ex
xhibit phase transition before
b
thermaal decompossition.18 In aaddition, no clear relationnship
between diso
order in the π-π stackin
ng direction and perform
mance can bbe concludeed for
th
hese polymeers and the reason thatt these matterials exhibbit such higgh charge carrier
mobilities
m
rem
mains unreveealed.19

OMO of thee polymer haas
4. HOMO an
nd LUMO of
o D-A polym
mers. The HO
Figure 1.4
character mainly
m
from the
t donor un
nit. The LUM
MO of the poolymer has a strong charrgetraansfer characcter.17
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These contradictions against the model previous discussed have triggered a lot of
effort to come up with new models to demonstrate the high charge carrier mobilities of
these polymers. DeLongchamp et al. proposed a quasi-one-dimensional (1D) charge
transport mode in high-mobility D-A semiconducting polymers. According to this model,
the fast process of intra-chain charge transport along the polymer backbone contributes
the most to the high charge carrier mobilities.

20

Hence, a highly planar and torsion-free

polymer backbone with a low degree of energetic disorder is required to achieve such
high charge carrier mobilities in D-A polymers.21 In longer ranges, the occasional
intermolecular hopping through short π-stacking regions is responsible for charge
transport between polymer chains and crystalline domains, which serves as the overall
limiting step of charge transport in the bulk. In other words, the formation of
interconnected π-aggregates is also crucial for efficient charge transport.19
These models and others have succeeded in describing some characters and
provide insights into charge transport in high performance D-A polymeric thin films.
However, a thorough picture of charge transport in semiconducting polymeric thin films
still remains unclear. For example, how much does intra-chain process participate in the
overall charge transport process? Although it seems that crystallinity is not critical for DA type semiconducting polymers, can we achieve even higher performance if we could
control the crystallinity? Can one achieve both local and long-range order for D-A
polymer thin films and how would it impact charge transport?
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Figure 1.5. Typical microstructure of D-A conjugated polymers with disordered
aggregates. Polymer chains are depicted as solid lines. The ordered regions (darker areas)
are connected by long polymer chains (red lines), which significantly improves the
overall charge transport.19
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1.3 Polymer-Based
d Organic Fiield-Effect T
Transistors

1.3.1 Device Structurees of Organiic Field-Effeect Transistoors
Field--effect transiistor (FET) is an electroonic switch that utilizess electric fieeld to
co
ontrol the on
n/off state within
w
a chan
nnel. The sttructure of a bottom-gatte bottom-coontact
(B
BGBT) FET
T device is sh
hown in Figu
ure 1.6 as ann example. F
FET contains three terminals:
th
he gate electtrode and th
he source/draain electroddes. The gatee electrode aapplies a vooltage
perpendicularr to the chan
nnel of semiiconducting material, w
which introduuces or quennches
ch
harge carrierrs at the inteerface betweeen the semicconducting llayer and thee dielectric llayer.
For FETs of depletion
d
mo
ode, charge carriers intriinsically exiist within thee semiconduucting
laayer, so the gate
g voltage is applied to
o shut off thee current. Foor FETs of eenhancementt type,
on
n the contraary, the on-sttate can only
y be achieveed with gatee voltage (Vg) higher thaan the
th
hreshold volltage (Vth). Most
M OFETss are enhanccement-modee, so chargee carriers muust be
in
njected into the semicon
nducting layeer. When appplying a volltage betweeen the sourcee and
th
he drain elecctrode, charg
ge carriers will flow accoordingly whiich generatess current.22

Figure 1.6. Structuree of a bottom
m-gate bottom
m-contact (B
BGBT) FET device. S/D:
sourrce/drain ele ctrodes.
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1.3.2 Fabrication of Polymer-Based OFETs Using Solution Processing Methods
Solution processing methods are among the most important and widely studied
fabrication methods for organic semiconductors.9 Solution processing is beneficial for
material fabrication in several aspects. First, the alignment and morphology of the thin
films generated from these methods can be systematically tuned by controlling of
experimental parameters, leading to improved performances of the devices.9 Second,
multicomponent materials, which may combine the advantages and make up the
disadvantages of different materials, can be made rather easily by blending different
polymers in solutions.23 Third, solution processing is comparably simple and potentially
cheap compared to other techniques, which makes them more feasible for industries.
Fourth, solution processing allows fabrications under room temperature that enables the
application of plastic substrates.24 In addition, solution-processing techniques are more
feasible to make large-area devices.25
Generally speaking, high performance D-A semiconducting polymers suffer from
relatively low solubilities, owing to their rigid backbone and strong intermolecular
interactions. In recent years, extensive effort on side-chain engineering leads to a
significant improvement in the solubility of these materials, which allows for more
application of solution processing in the field of polymer OFETs.
Common solution processing methods include drop-casting, spin coating, printing,
shearing, etc. In these methods, films are formed by evaporating solvents at different
speeds and crystallization/aggregation of the solutes under different driving forces.9, 26
Drop-casting is similar to evaporative crystallization, where films are generated from a
static slow evaporation process. During drop-casting, the solution is keep concentrating
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an
nd the thicckness of th
he films is usually noot well conntrolled. Spiin coating, as a
co
omparison, applies a ceentrifugal fieeld to the ssolution, whhich is capabble of generrating
more
m
uniform
m and thinnerr films. The thickness off the films caan also be tuuned by channging
ex
xperimental conditions including
i
so
olvent, conceentration, tem
mperature, sspin speed, eetc.2729
9

Solution sh
hearing is an
n emerging blading techhnique whicch is able too form films with

highly aligneed organic molecules
m
by
y controllingg solvent evvaporation onnly occurs aat the
ed
dge of the bllades. A diag
gram of thesse methods iss shown in F
Figure 1.7.

Figure
F
1.7. Illustration of common so
olution proccessing methhods: drop caasting (left), spin
coaating (middlee) and solutioon shearing (right).
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1.3.3 Fabrication of Polymer-Based OFETs Using Melt Processing Methods
Melt processing techniques are widely used fabrication methods in polymer
industries owing to their low cost and feasibilities. Owing to the absence of toxic organic
solvents involving in these methods, concerns over environment and health issues are
eliminated and the processing costs are also reduced. However, these methods are rather
difficult to be applied to conjugated polymers. The intermolecular interactions are
comparatively strong for conjugated polymers and their melting points are often higher
than their thermal decomposition temperatures. In addition, conjugated polymers are
relatively vulnerable to thermal oxidation, which further limited the scope of melt
processing methods on semiconducting polymers.30 As a consequence, examples from
literatures are somewhat limited to poly(3-hexylthiophene) (P3HT)-based materials (for
P3HT, the melting point is 236 °C).31 To solve this problem, one available strategy is to
blend conjugated polymers with other low melting point polymers. Another strategy is to
introduce flexible linkages into the polymer backbones.
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1.4 Complementary Semiconducting Polymer Blends

1.4.1 Conjugation-Break Spacers
In order to improve the solubility and to lower the melting points of
semiconducting polymers, we first focused on introducing flexible spacers to the polymer
backbones. Compared to their fully-conjugated counterparts, semiconducting polymers
that contain these non-conjugated linkages have received less interest. These linkages,
namely conjugation-break spacers (CBSs), halt the extended π-delocalization along
polymer backbones. Based on the discussions in the previous sections, intrachain process
is essential for the charge transport of semiconducting polymers. As a result, charge
transport of polymers with CBSs is expected to be much less efficient compared to their
fully-conjugated analogues. However, owing to the improvement in the flexibility of
polymer chains, the solubility of the CBS-containing polymers is in turn expected to be
better than the fully-conjugated polymers. In addition, as Müller32 and Gasperini33 have
demonstrated, the presence of these linkers introduces melt transitions at lower
temperatures, which endows the potential of these materials to be melt-processed. These
benefits in processing may compensate for the decrease in charge carrier mobilities. Thus,
the electronic properties and processabilities may be balanced by introducing flexible
CBSs into conjugated backbones. In addition, in order to have a deeper understanding of
charge transport in organic semiconductors, it is desirable that intra-chain and inter-chain
processes, which both contribute to the overall charge transport at different length scales,
are decoupled. However, these steps are strongly cooperating to each other, and it is very
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challenging even to approximately disentangle the individual contributions for detailed
studies.
For

example,

Zhu

et

al.

synthesized

a

series

of

copolymers

of

oligo(phenylenevinylene)s and flexible spacers, either alkyl or oligoether chains. The
photophysical properties of the chromophores within the polymer chains were similar to
free oligomers. Different linkers also influence the inter-chain interactions in the solid
state of the polymer.34 Gasperini et al synthesized a copolymer of oligo 2,5-bis(3dodecylthiophen-2-yl)thieno[3,2-b]thiophene

(BTTT)

and

1,10-bis(5-

trimethylstannylthiophen-3-yl)decane. The copolymer showed improved charge carrier
mobility after thermal annealing compared to the oligomer.33 More recently, Yao et al.
reported a naphthalene diimide (NDI)-based n-type semiconducting polymer with
ethylene spacer. This polymer served as a model compound of its fully-conjugated
analogue, which was demonstrated as a π‑conjugated redox polymers. It was found that
although these two polymers share similar charge transfer resistance and lithium
diffusitivities, the conductivity upon chemical doping of the fully conjugated polymer
exceeded the CBS polymer by four orders of magnitude.35
Our group reported a series of DPP-based random copolymers with different
proportions of trimethylene CBSs in the main chain in early 2015.18 These polymers,
namely DPP-x (x = 0, 30, 50, 70 & 100 corresponds to the percent of CBS monomer
along the polymer chain), showed different properties in several aspects. Charge carrier
mobilities showed an exponential decrease with increasing concentration of the CBS.
Improved solubilities and melt transition peaks were observed for polymers with high
CBS concentrations. DPP-100, the polymer with only the CBS monomer as the donor
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un
nit, exhibiteed much higher
h
crystaallinity andd distinct m
morphology from the ffullyco
onjugated DPP-0.
D
This work
w
provid
des a new sttrategy to m
modulate thee electronic performancee and
so
olution processability off semiconduccting polymeers by introdducing flexibble CBSs intto the
backbones. However,
H
thee copolymeriization approoach was noot very efficiient. With a small
prroportion off CBS, DPP--30 exhibits hole
h mobilitty as high as 1.43 cm2 V
V/s for spin coated
fiilms, which is in the same
s
order of magnituude of DPP--0, but the improvemeent in
prrocessability
y is very lim
mited. With higher propportions of CBS, DPP-70 and DPP
P-100
sh
how much im
mproved sollubility and capability
c
off melt proceessing, but thhe hole mobiilities
arre about 50 and
a 200 timees lower than
n DPP-0, resspectively.

Figure 1.8. Structure and propertiies of DPP-xx. (a) The strructure of thhe DPP-basedd
semicond
ducting poly
ymers, DPP-x
x; (b) the rellationship beetween the ccharge carrieer
mobility of DPP-x and the
t proportio
on of CBS m
monomer in tthe polymerr backbone. T
The
red
r line reprresents the ex
xponential fit;
fi (c) First hheating therm
mograph of D
DPP-100 froom 0
to
o 300 °C. Meelting transittion is obserrved at arounnd 180 °C; (dd) Picture off DPP-100 bbefore
(ttop) and afteer (bottom) hheated at 1800 °C.
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1.4.2 Complementary Semiconducting Polymer Blends for Efficient Charge Transport
As we were aiming to combine the advantages of the fully conjugated polymers
and the CBS-containing polymers, we proposed the design of complementary
semiconducting polymer blends (c-SPBs), which consist of a CBS polymer and a fullyconjugated “tie chain” polymer.36 The highly crystalline CBS polymer serves as the
matrix. Similar to small molecular OSCs, charge transport is efficient within the
crystalline domains along the π-π stacking directions. However, the presence of domain
boundaries as traps limits the overall charge transport in the bulk. Based on the previous
studies over blends of rr-P3HT with different molecular weights, in which the polymer
with high molecular weight is able to serve as connections between the crystalline
domains and to improve the charge carrier mobility of the blends by two orders of
magnitude37, we come up with the idea to use the tie chain polymer to restore the
connectivity between the crystalline domains of the matrix polymer and to obtain
polymer blends with efficient charge transport.
Hence, we made the blends of DPP-C3 (DPP-100 in the previous section) and
DPP-C0 (DPP-0 in the previous section) and studied the charge transport properties
(Figure 1.8). The results showed that the presence of as little as 1 wt % tie chain polymer
in the blend leads to as much as nearly two orders of magnitude improvement in the
charge carrier mobility compared to pure matrix polymer (Figure 1.8). Temperaturedependent FET characterization revealed a similar sharp change in the activation energy
for the blend with 1 wt% of the tie chain polymer. In addition, the space-charge limited
current (SCLC) mobilities of a series of sandwich devices (Figure 1.8c) showed a
monotonous trend towards the concentration of DPP-C0. Morphologies of top and bottom
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surfaces of the c-SPB films were observed to be similar, too. These comprehensive
studies revealed the mechanism of the efficient charge transport in c-SPBs, which
consists of fast process along the π−π stacking direction within a crystalline domain of
the matrix polymer, connections made of tie chain polymers between crystalline
aggregates, and the efficient intra-chain charge transport process along the backbone of
the tie chain polymer. These results were distinct from the previously reported
semiconducting-insulating polymer blends with high performances. In these blends,
semiconducting polymer is enriched at the surface of the substrate by vertical phase
segregation. Thus, a polymer film with high crystallinity is formed, which is in charge for
the efficient charge transport.38 However, the morphology of the top surface, which
represents the insulating polymer, is expected to be different from the bottom surface,
which represents the semiconducting polymer. In addition, the space charge limited
current (SCLC) mobility is expected to be highly limited by the insulating component
and to be almost zero for all blends.
To summarize, we have demonstrated the design of complementary
semiconducting polymer blends (c-SPB) for efficient charge transport. This design serves
as a good model to study the charge transport in semiconducting polymers. In addition,
the use of CBS polymer as the major component leads to great potential for the
application of melt processing methods.
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Figure 1.9.. Design and mo
odel of c-SPBs: (a) the structuree of DPP-C3 and
d DPP-C0; (b) ccharge carrier m
mobility versus tthe weight
fraction of DPP-C0 in the blends; (c) deviice structure for SCLC mobility
y measurement aand the result. T
The red line reprresents the
d result for blend
ds with vertical phase
p
segregatio
on; (d) the modeel of c-SPBs: soolid line, tie chaain polymer; dasshed line,
estimated
matrix polym
mer; dark region
ns, crystalline domains
d
of matriix polymer; bluee arrow, chargee transport alongg the π-π stackinng direction;
red line: chaarge transport along the backbo
one of tie chain ppolymer.36
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1.5 Summary
The following chapters are concerned with the relationship between charge
transport, physical properties and the structures of the polymers. The systematic and
fundamental studies presented in the following lay the ground work for potential
application of c-SPBs as melt-processable OSCs as well as provide new strategies to
make materials with both high performance and feasibility of melt processing.
The following chapter focuses on the influence of CBS lengths to the matrix
polymers and c-SPBs. This involves changing in density of π-aggregates in the material,
which results in variations in a number of physical properties. In addition, odd-even
effects are observed for almost all of these properties. Such odd-even effects originated
from the polymer backbone have not been reported for semiconducting polymers. For cSPBs, on the other hand, the charge carrier mobilities are less sensitive to the lengths of
CBS, which provides with guidelines for making melt-processable high performance
OSC materials.
Chapter 3 focuses on the influence of side chains to the CBS polymers and their
c-SPBs. Side chains have significant impact on the interactions between the polymer
molecules, which leads to variations in a variety of properties. It was observed that the
polymers with of oligoether side chains have lower charge carrier mobility. c-SPBs of
these polymers also show poorer charge carrier properties. When the melting points of
the polymers are concerned, polymers with asymmetric side chains exhibit lower melting
points than the symmetric analogues. These results provides with a new strategy to
improve the melt processabilities of the semiconducting polymers.
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In chapter 4, the influence of molecular weights (MW) of the matrix polymer to
the charge carrier mobilities of the pure fully-conjugated polymer and the c-SPBs is
investigated. For the pure tie chain polymer, the charge carrier mobility increases with
increasing MW in the low MW region. In higher regions, a slight decrease is observed.
As for the c-SPBs, a monotonous trend between the charge carrier mobility and the MWs
is observed.
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CHAPTER 2. THE INFLUENCE OF CONJUGATION-BREAK SPACER LENGTH IN
MATRIX POLYMERS

2.1 Introduction

2.1.1 Project Motivation
Chapter 1 laid the foundation of complementary semiconducting polymer blends
(c-SPBs). However, owing to the complexity of the polymer blend systems, the overall
behaviors and properties of the materials themselves are results of a wide range of factors
and variables, leaving a major proportion of this system yet to be unraveled. Thus, a
comprehensive investigation on the correlation between structure features and properties
is desired for us to fully understand this complicated system.
As is discussed in the previous chapter, the improved crystallinity of the polymer
system is achieved by introducing flexible conjugation-break spacer (CBS) into the
polymer main chain. As a tradeoff, the charge carrier mobility is reduced owing to the
absence of high-speed intra-chain charge transport. In other words, CBS is taking the
determining role in the system that produces the special features of the matrix polymer
compared to its fully-conjugated congener. As a consequence, our first aim was on the
influence of the CBS to the system. Specifically, the focus of this chapter is to elucidate
how the length of the CBS affects the properties and performance of both the matrix
polymers and the c-SPBs.
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A series of eleven matrix polymers with CBSs varying from two to twelve
methylene groups were thus synthesized. The structures of the polymers are shown in
Figure 2.1. Based on our design, with longer CBS, the bulk polymer should have
smaller density of π-aggregates and the polymer chains should become more flexible,
leading to a decrease in both charge carrier mobility and melting temperature. We are
also interested in the how the c-SPB systems response to the change in SPBs.

Figure 2.1. Structure of the DPP-based CBS polymers, DPP-Cm (m = 2 to 12 and 20).
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2.2 Experimental

2.2.1 Materials
All reagents and starting materials were purchased from Sigma-Aldrich and used
without further purification unless otherwise noted. Anhydrous solvents were purchased
from Acros Organics. 11-(3-Iodopropyl)henicosane was purchased from Lyntech.

2.2.2 Methods

2.2.2.1 General Characterizations
1

H and 13C NMR spectra were recorded using Varian Inova 300 and Brucker ARX

400 at 293 K with deuterated chloroform as solvent. The chemical shifts were calibrated
using the solvent peak as the internal standard. High-resolution mass data were measured
with Micromass 70-VSE. Room temperature gel permeation chromatography (GPC) was
performed using tetrahydrofuran as solvent with a Polymer Laboratories PL-GPC20.
High temperature GPC was performed using 1,2,4-trichlorobenzene as solvent at 180 oC
on on Agilent PL-GPC-220. The samples were prepared by dissolving polymers in the
solution followed by filtration through 0.45 μm syringe filter prior to analyzing.
Calibration curves were obtained from polystyrene standards.
Thermal gravimetric analyses (TGA) were performed using a TA Instruments Q50
with samples heated from 40 oC to 800 oC at a rate of 10 oC/min under nitrogen flows (60
mL/min for furnace and 40 mL/min for balance). Differential scanning calorimetry
(DSC) measurements were carried out using a TA Q5000 calorimeter. The heating region
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was calibrated with an indium standard. Samples were sealed in hermetic aluminum pans.
Each measurement included two cycles with heating and cooling rates at 10 °C/min from
0 to 300 °C and the data were recorded under nitrogen purge at the speed of 50 mL/min.
The first cycle was used to remove any thermal history and the second cycle represented
the intrinsic thermal behaviors of the polymers.
Atomic force microscopy (AFM) images were obtained on a Veeco Dimension
3100 AFM in tapping mode. Grazing incidence X-ray diffraction (GIXRD) was
performed at the Argonne National Laboratory on beamline 8-ID-E. Data were collected
with a two-dimensional detector (Pilatus 1M) to obtain molecular packing information.
The beam energy was 7.35 keV. Experiments were carried under ambient condition. One
scan was carried for each sample with incident angel set at 0.2°.

2.2.2.2 Photophysical Measurements
UV-Vis-NIR spectra were recorded on an Cary 50 spectrophotometer (300-1100
nm). Solution spectra were measured in dilute chloroform solutions. For thin film spectra,
samples were prepared by spin coating dichlorobenzene solutions of the polymers on
glass slides and annealed in air for 10 minutes.
UPS analyses were performed using indium tin oxide (ITO) coated glass slides
(RS = 15 Ω/□) as substrates. The substrates were cleaned through sequential sonication
in sodium dodecyl sulfate aqueous solution, deionized water, acetone and isopropanol,
followed by UV-ozone cleaning for 10 minutes. To encourage polymer wetting for films
of DPP-C10, C11 and C12, the substrates were spun cast with a layer of PEDOT:PSS
(Clevios P VP Al 4083) at 5000 RPM that was annealed at 130 °C for 15 minutes in air.
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Polymer solutions were prepared at 10 mg/mL in 1,2-dichlorobenzene, with the
exceptions of DPP-C2 which was prepared at 5 mg/mL. The solutions were stirred
overnight at 50 °C prior to spin coating. The films were generated from spun casting at
2500 RPM in a nitrogen filled glovebox (H2O and O2 < 0.3 ppm) and transferred without
air exposure into a PHI 5600 ultrahigh vacuum system (UHV) for UPS measurements.
UPS measurements were performed with a 10.20 eV photon source (E-lux, Excitech
GmbH) and an 11-inch diameter hemispherical electron energy analyzer with a
multichannel plate detector. The samples were monitored for damage-induced spectral
shifts and the photon flux adjusted to minimize sample damage.

2.2.2.3 FET Device Fabrication and Characterization
A heavily n-doped silicon wafer with a 300-nm silicon dioxide surface layer
(capacitance of 11 nF/cm2) was used as the substrate. Silicon wafer was serving as
the gate electrode and silicon dioxide as the dielectric layer. The gold source/drain
electrodes were sputtered and patterned by photolithography technique. The device
channel width was 1400 μm. Channel lengths were 5 μm for pure DPP-Cm FETs
and 50 μm for c-SPB OFETs. Octadecyltrichlorosilane (OTS) modification of the
silicon wafers (with Au bottom contact) was achieved by the following steps. First,
the silicon wafers were cleaned with hot piranha solution (H2SO4 (98%): H2O2
(30% water solution) = 7 : 3) followed by sonication sequentially in water and
acetone for 6 min each. After dried in an oven, the silicon wafers were then put in
a petri dish with a small drop of OTS in the center. The dish was then covered and
heated in a vacuum oven at 120 °C for 3 hours, resulting in the formation of an
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OTS self-assembled monolayer on the surface. The OTS-modified substrates were
rinsed successively with hexanes, ethanol and chloroform followed by being dried
with nitrogen. The semiconductor layer was deposited on the substrates by spin
coating with spin speed of 2000 rpm for 2 minutes. The concentrations of the
solutions used for spin coating were 5 mg/mL for DPP-C2 and 10 mg/mL for other
DPP-Cm polymers. For c-SPBs, the solution of fully conjugated tie chain polymer,
DPP-C0, was blended with the matrix polymers, DPP-Cm (m = 2 to 12), at the
concentration of 2 wt%. Before spin coating, the solutions were heated up to 50 °C
overnight. The devices were annealed in N2 purged glovebox at 80 or 120°C and
tested in air.
Device characterization of the fabricated OFETs was carried out using
Keithley 4200 in ambient conditions. The field-effect mobility was calculated in
the saturation regime by using the equation IDS = (μWCi/2L)(VG – VT)2, where IDS
is the drain–source current, μ is the field-effect mobility, W is the channel width, L
is the channel length, Ci is the capacitance per unit area of the gate dielectric layer,
VG is the gate voltage, and VT is the threshold voltage.
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2.2.3 Synthesis

2.2.3.1 1,4-Diketo-3,6-di(thiophene-2-yl)pyrrolo[3,4-c]pyrrole (DPP)1
In a 1000 mL three-neck flask, potassium tert-butoxide (26.1 g, 0.232 mol) was
dissolved in 300 mL of tert-amyl alcohol at 120 °C. Thiophene-2-carbonitrile (25.4 g,
0.232 mol) was injected into the solution via syringe. Diisopropyl succinate (23.5 g,
0.116 mol) was dissolved in 30 mL of tert-amyl alcohol and added to the reaction mixture
dropwise. The reaction mixture was kept at 120 °C overnight. An acidic solution was
prepared with 26 mL of hydrochloric acid (36 %, 0.3 mol) and 350 mL of methanol. The
acidic solution was cooled to 0 °C in an ice bath. The reaction mixture was allowed to
cool to room temperature and poured slowly into the acidic solution. Solids were
collected by vacuum filtration and suspended into 300 mL of methanol and refluxed
under vigorous stirring for 30 minutes. The product was obtained from vacuum filtration
and was dried at 60 °C (21.4 g, 61.2%). 1H NMR (300 MHz, DMSO-d6), δ (ppm): 11.23
(s, 2H), 8.19 (d, J = 3.9 Hz, 2H), 7.95 (d, J = 4.8 Hz, 2H), 7.29 (dd, J1 = 5.2 Hz, J2 = 3.4
Hz, 2H).

13

C NMR (400 MHz, DMSO-d6), δ (ppm): 162.54, 137.07, 133.60, 132.19,

131.70, 129.64, 109.46.

2.2.3.2 2,5-Bis(4-decyltetradecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione2
DPP (1.53 g, 5.1 mmol), potassium carbonate (2.11 g, 15.3 mmol), 18-crown-6
(60 mg, 0.23 mmol) and anhydrous N,N-dimethylformamide (DMF, 30 mL) were mixed
in an oven dried flask and stirred at 100 °C for 1 hour under nitrogen. 4-decyl-1-
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iodotetradecane (5.22 g, 11.2 mmol) is added dropwise. The mixture was left stirring at
100 °C overnight. After cooling down to room temperature, the mixture was poured into
100 mL of 1 M hydrochloric acid (HCl) and extracted with hexanes (3 × 50 mL). The
combined organic layers were washed with brine and dried over anhydrous magnesium
sulfate (MgSO4). After the solids were removed by filtration, hexanes were removed in
vacuo. The solid was dissolved in 60 mL of 1,4-dioxane and 1.5 mL of concentrated HCl
was added to the solution. The solution was heated under nitrogen at 110 °C for 1 hour.
After cooling down to room temperature, the solution was poured into 100 mL of 1 M
sodium bicarbonate (NaHCO3) followed by extraction with hexanes (3 × 50 mL). The
combined organic phases were washed with brine and dried over MgSO4. The solids were
filtered off and solvents were removed under vacuum. The obtained crude product was
purified by column chromatography with hexanes: ethyl acetate (17:3) as the eluent.
Purple solid was obtained from precipitation into methanol as the product (2.14 g, 2.2
mmol, 43.1%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.93 (d, J = 3.2 Hz, 2H), 7.63 (d, J
= 4.2 Hz, 2H), 7.29 (dd, J1 = 3.9 Hz, J2 = 3.0 Hz, 2H), 4.04 (t, J = 6.0 Hz, 4H), 1.71 (m,
4H), 1.37 – 1.21 (m, 78H), 0.88 (t, J = 6.8 Hz, 12H).

13

C NMR (400 MHz, CDCl3), δ

(ppm): 161.23, 144.44, 135.15, 130.48, 129.69, 128.50, 107.60, 42.46, 37.04, 33.44,
31.83, 30.40, 29.99, 29.61, 29.56, 29.26, 26.59, 22.59, 14.02.

2.2.3.3 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)pyrrolo[3,4-c]pyrrole1,4 (2H,5H)-dione2
2,5-Bis(4-decyltetradecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (1.20 g, 1.23 mmol) was dissolved in 50 mL of chloroform. Ten drops
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of glacial acetic acid was added to the solution. The flask was covered with aluminum
foil and the solution was cooled in ice-water bath under nitrogen. N-bromosuccinimide
(461 mg, 2.59 mmol) was added to the solution in three portions with intervals of 15
minutes. The reaction was monitored with TLC. Once the reaction was complete, the
product was purified via flash column chromatography with hexanes: dichloromethane
(3:1) as the eluent. Purple solid was obtained from precipitation into methanol as the
product (0.78 g, 0.69 mmol, 56%). 1H NMR (400 MHz, CDCl3), δ (ppm): 8.68 (d, J = 4.3
Hz, 2H), 7.21 (d, J = 4.2 Hz, 2H), 3.93 (t, J = 8.0 Hz, 4H), 1.67 (m, 4H), 1.39 – 1.22 (m,
78H), 0.87 (t, J = 6.8 Hz, 12H). 13C NMR (400 MHz, CDCl3), δ (ppm): 160.78, 138.79,
135.30, 131.50, 131.01, 119.01, 107.62, 42.49, 36.97, 33.41, 31.84, 30.29, 30.01, 29.63,
29.57, 29.27, 26.92, 26.61, 22.60, 14.03.

2.2.3.4 1,2-Di(thiophen-2-yl)ethane (ThC2Th)
In a 100 mL Schlenk tube equipped with a Dean-Stark trap were charged 1.00 g of
2,2’-thenil (4.50 mmol), 1.68 mL of 65% hydrazine hydrate, 1.77 g of potassium
hydroxide (31.49 mmol, 7 equiv.) and 10 mL of ethylene glycol. The solution was
refluxed at 110 oC for 2 hours to remove water and kept at 195 oC overnight. White
crystals were observed on the neck of the tube due to sublimation. The crystals were
collected and purified with hot hexanes as eluent. The produce was obtained as white
crystals. (0.71 g, 81%). 1H NMR (300 MHz, CDCl3), δ (ppm): 7.07 (dd, 2H, J1 = 4.8 Hz,
J2 = 0.9 Hz), 6.87 (dd, 2H, J1 = 5.1 Hz, J2 = 3.3 Hz), 6.76 (d, 2H, J = 3.3 Hz), 3.15 (s,
4H). 13C NMR (300 MHz, CDCl3) δ (ppm) 143.55, 126.64, 124.54, 123.24, 32.24.
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2.2.3.5 1,2-Bis((5-trimethylstannyl)thiophen-2-yl)ethane (Me3SnThC2ThSnMe3)3
In an oven-dried 100 mL round bottom flask, 1,2-di(thiophen-2-yl)ethane (0.71 g,
3.65 mmol) was dissolved in 25 mL of anhydrous tetrahydrofuran. The solution was
cooled to −40 oC in a dry-ice-isopropanol bath and n-Butyl lithium (2.5 M in hexanes, 3.7
mL, 9.1 mmol, 2.5 equiv.) was added drop wise. The solution was kept in the bath for 20
minutes and heated at 60 oC over 2 hours to complete the lithiation reaction. The
suspension was then cooled back to −40 oC and trimethyltin chloride (1.0 M in hexanes,
9.1 mL, 9.1 mmol, 2.5 equiv.) was added via syringe. The solution was warmed back to
room temperature by removing the cool bath and stirred overnight. The mixture was
diluted with ethyl acetate and the combined organic phases were washed with saturated
ammonium chloride solution (3 × 50 mL) and dried over anhydrous magnesium sulfate.
Decoloration was achieved by adding charcoal to an ethyl acetate solution. The product
was obtained from recrystallization in methanol at −18 oC as white crystals (209 mg,
11.0%). 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J = 2.7 Hz), 6.95 (d, 2H, J =
2.7 Hz), 3.24 (s, 4H), 0.35 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 149.83,

135.30, 135.01, 125.79, 32.14, −8.38. MS (EI, M+) for C16H26S2Sn2: calc’d 521.9520
found 521.9531.

2.2.3.6 1,20-Dibromo-10-eicosene4, 5
A 50 mL Schlenk tube was charged with a magnetic stir bar, 11-bromo-1undecene (5.89 g, 25.2 mmol) and Grubb’s second generation catalyst (32 mg, 0.038
mmol, 0.15 mol%). The liquid was purged with nitrogen using a syringe for 10 minutes.
The mixture was heated at 60 oC under vacuum overnight. The crude product was
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quenched with the addition of 0.4 mL of ethyl vinyl ether and purified over a silica gel
column with hexanes as eluent. Colorless liquid was obtained as product (5.41 g, 12.3
mmol, 98.0%). The product was proved to be a mixture of cis- and trans-1,20-dibromo10-eicosene from NMR spectroscopy, which was used in the next step without further
purification. 1H NMR (300 MHz, CDCl3), δ (ppm): 5.38 (t, 2H, J = 3.9 Hz), 3.40 (t, 4H, J
= 6.8 Hz), 1.97 (m, 4H), 1.85 (m, 4H), 1.44 – 1.28 (m, 24H).

2.2.3.7 1,20-Dibromoicosane4, 5
1,20-Dibromo-10-eicosene (5.41 g, 12.3 mmol) and Wilkinson’s catalyst (15 mg,
16 μmol, 0.13 mol%) were dissolved in toluene and charged in a Parr bomb, which was
applied to 800 psi of hydrogen over 72 hours. The crude product was purified through a
silica gel column with hexanes as eluent. Removal of solvent in vacuo yielded white wax
as product (4.87g, 11.1 mmol, 90.2%). 1H NMR (300 MHz, CDCl3), δ (ppm): 3.41 (t, 4H,
J = 6.9 Hz), 1.85 (m, 4H), 1.42 (m, 4H), 1.25 (m, 28H).

2.2.3.8 General Procedure for Dithiophenyl Alkane Derivatives (ThCmTh, m = 4 to 12)
In an oven dried 250 mL round bottom flask, thiophene (8.1 g, 7.7 mL, 97 mmol,
4 equiv.) was dissolved in 50 mL of anhydrous tetrahydrofuran. The solution was cooled
to −40 °C with a dry-ice-isopropanol bath and n-butyl lithium solution (2.5 M in hexanes,
29.0 mL, 72.5 mmol, 3 equiv.) was added drop wise via syringe. The reaction mixture
was left at this temperature for 30 minutes and warmed to room temperature. After stirred
for an additional 30 minutes, the solution was cooled back to −40 oC and dibromoalkane
(24 mmol) was added drop wise through a syringe. After the addition was complete, the
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cool bath was removed and the mixture of left stirred overnight. The reaction was
quenched by water and the mixture was extracted with hexanes (3 × 50 mL). The organic
phases were combined and dried over magnesium sulfate. Solids were filtered and the
solution was concentrated by vacuum filtration. The crude product was purified by silica
gel chromatography with hexane as the eluent. The products were obtained as colorless
liquids (n < 10) or wax-like solids (n = 10, 11, 12 and 20). (Yield: 72.0 to 76.1 %) The
presence of dibromoalkane starting materials was often observed from the NMR spectra,
but it did not interfere the next step.
1,4-di(thiophen-2-yl)butane (ThC4Th). Product obtained as a colorless liquid. 1H
NMR (300 MHz, CDCl3), δ (ppm): 7.12 (d, 2H, J = 4.8 Hz), 6.92 (dd, 2H, J1 = 4.5 Hz, J2
= 3.6 Hz), 6.79 (dd, 2H, J1 = 2.2 Hz, J2 = 1.0 Hz), 2.87 (t, 4H, J = 5.4 Hz), 1.77 (t, 4H, J
= 6.8 Hz). 13C NMR (300 MHz, CDCl3), δ (ppm): 145.11, 126.62, 124.03, 122.83, 31.24,
29.72.
1,5-di(thiophen-2-yl)pentane (ThC5Th). Product obtained as a colorless liquid.
1

H NMR (400 MHz, CDCl3), δ (ppm): 7.12 (dd, J = 5.2, 1.3 Hz, 2H), 6.93 (dd, J = 5.2,

3.4 Hz, 2H), 6.79 (d, J = 3.9 Hz, 2H), 2.84 (t, J = 7.6 Hz, 4H), 1.73 (m, 4H), 1.52 – 1.40
(m, 2H). 13C NMR (400 MHz, CDCl3), δ (ppm): 145.44, 126.56, 123.89, 122.71, 31.42,
29.71, 28.45.
1,6-di(thiophen-2-yl)hexane (ThC6Th). Product obtained as a colorless liquid. 1H
NMR (300 MHz, CDCl3), δ (ppm): 7.13 (d, J = 4.4 Hz, 2H), 6.94 (dd, J = 5.0, 2.3 Hz,
2H), 6.80 (d, J = 2.1 Hz, 2H), 2.85 (t, J = 7.5 Hz, 4H), 1.72 (m, 4H), 1.44 (m, 4H). 13C
NMR (400 MHz, CDCl3), δ (ppm): 145.59, 126.58, 123.88, 122.70, 31.60, 29.80, 28.73.
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1,7-di(thiophen-2-yl)heptane (ThC7Th). Product obtained as a colorless liquid.
1

H NMR (300 MHz, CDCl3), δ (ppm): 7.11 (dd, J1 = 5.1 Hz, J2 = 1.1 Hz, 2H), 6.92 (dd,

J1 = 5.1 Hz, J2 = 3.4 Hz, 2H), 6.78 (dd, J1 = 3.4 Hz, J2 = 1.0 Hz, 2H), 2.82 (t, J = 7.6 Hz,
4H), 1.73 (m, 4H), 1.40 – 1.36 (m, 6H). 13C NMR (300 MHz, CDCl3), δ (ppm): 145.65,
126.55, 123.83, 122.66, 31.85, 29.98, 29.17, 29.10.
1,8-di(thiophen-2-yl)octane (ThC8Th). Product obtained as a colorless liquid. 1H
NMR (300 MHz, CDCl3), δ (ppm): 7.11 (dd, J1 = 5.1 Hz, J2 = 1.1 Hz, 2H), 6.91 (dd, J1 =
5.1 Hz, J2 = 3.4 Hz, 2H), 6.78 (dd, J1 = 3.4 Hz, J2 = 1.0 Hz, 2H), 2.82 (t, J = 8.0 Hz, 4H),
1.66 (m, 4H), 1.40 – 1.29 (m, 8H).

13

C NMR (300 MHz, CDCl3), δ (ppm): 145.70,

126.55, 123.82, 122.65, 31.87, 30.00, 29.35, 29.17.
1,9-di(thiophen-2-yl)nonane (ThC9Th). 1H NMR (300 MHz, CDCl3), δ (ppm):
7.11 (dd, J1 = 5.1 Hz, J2 = 1.1 Hz, 2H), 6.92 (dd, J1 = 5.0 Hz, J2 = 3.5 Hz, 2H), 6.78 (dd,
J1 = 3.3 Hz, J2 = 1.0 Hz, 2H), 2.82 (t, J = 7.6 Hz, 4H), 1.68 (m, 4H), 1.39 – 1.33 (m,
10H).

13

C NMR (300 MHz, CDCl3), δ (ppm): 145.73, 126.55, 123.81, 122.64, 31.90,

30.02, 29.54, 29.43, 29.20.
1,10-di(thiophen-2-yl)decane (ThC10Th). Product obtained as a white wax. 1H
NMR (300 MHz, CDCl3), δ (ppm): 7.12 (dd, 2H, J1 = 5.1 Hz, J2 = 1.2 Hz), 6.92 (dd, 2H,
J1 = 5.1 Hz, J2 = 3.6 Hz), 6.79 (dd, 2H, J1 = 3.4 Hz, J2 = 1.0 Hz), 2.82 (t, 4H, J = 7.6 Hz),
1.68 (m, 4H), 1.29 (m, 14H).

13

C NMR (300 MHz, CDCl3), δ (ppm): 145.76, 126.54,

123.80, 122.63, 31.90, 30.01, 29.59, 29.44, 29.21.
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1,11-di(thiophen-2-yl)undecane (ThC11Th). Product obtained as a colorless
liquid. 1H NMR (300 MHz, CDCl3), δ (ppm): 7.11 (dd, J1 = 5.1 Hz, J2 = 1.2 Hz, 2H),
6.92 (dd, J1 = 5.1 Hz, J2 = 3.4 Hz, 2H), 6.79 (dd, J1 = 3.4 Hz, J2 = 1.1 Hz, 2H), 2.83 (t, J
= 7.6 Hz, 4H), 1.69 (m, 4H), 1.39 – 1.28 (m, 14H).

13

C NMR (300 MHz, CDCl3), δ

(ppm): 145.75, 126.54, 123.80, 122.63, 31.93, 30.04, 29.70, 29.68, 29.48, 29.25.
1,12-di(thiophen-2-yl)dodecane (ThC12Th). Product obtained as a white wax. 1H
NMR (300 MHz, CDCl3), δ (ppm): 7.11 (dd, J1 = 5.2 Hz, J2 = 1.1 Hz, 2H), 6.92 (dd, J1 =
5.1Hz, J2 = 3.4 Hz, 2H), 6.78 (dd, J1 = 3.4 Hz, J2 = 1.2 Hz, 2H), 2.82 (t, J = 7.6 Hz, 4H),
1.68 (m, 4H), 1.27 (m, 16H).

13

C NMR (300 MHz, CDCl3), δ (ppm): 145.76, 126.54,

123.79, 122.62, 31.91, 30.03, 29.70, 29.64, 29.46, 29.23.

2.2.3.9 General Procedure for the Synthesis of the Ditin Monomers, Me3SnThCmSnMe3
(m = 4 to 12 and 20)
In an oven dried 250 mL round bottom flask equipped with a stir bar was charged
dithiophenyl alkane and 50 mL of anhydrous tetrahydrofuran. The solution was cooled to
−40 °C in dry-ice-isopropanol bath followed by the addition of n-butyl lithium (2.5 M in
hexanes, 2.5 equiv.) drop wise with a syringe. The mixture left in the bath for 30 minutes
before warmed to room temperature and stirred for another 30 minutes. The solution was
then cooled back to −40 °C in the bath, followed by addition of trimethyltin chloride (1.0
M in hexanes, 2.5 equiv.). After the addition was complete, the cooling bath was removed
and the mixture was left stirred overnight. Water was added to quench the reaction and
the mixture was extracted with ethyl acetate (3 × 50 mL). The combined organic layers
were washed with brine and dried over anhydrous magnesium sulfate. The crude product
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was decolorated with activated charcoal for several times. After the solvent was removed
in vacuo, the products were obtained from recrystallization from ethanol as white solids
or colorless liquids (Yields: 9% to 51%).
1,4-bis((5-trimethylstannyl)thiophen-2-yl)butane

(Me3SnThC4ThSnMe3).

Product obtained as white crystals. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.03 (d,
2H, J = 3.2 Hz), 6.92 (d, 2H, J = 2.9 Hz), 2.92 (t, 4H), 1.80 (t, 4H), 0.36 (s, 18H). 13C
NMR (400 MHz, CDCl3), δ (ppm): 151.16, 134.96, 134.79, 125.49, 31.22, 29.56, -8.38.
MS (EI, M+) for C18H30S2Sn2: calc’d 549.9833 found 549.9834.
1,5-bis((5-trimethylstannyl)thiophen-2-yl)pentane

(Me3SnThC5ThSnMe3).

Product obtained as a colorless liquid. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.03
(d, 2H, J = 3.0 Hz), 6.91 (d, 2H, J = 3.0 Hz), 2.88 (t, 4H, J = 7.6 Hz), 1.74 (m, 4H), 1.51
(m, 2H), 0.21 (s, 18H). 13C NMR (400 MHz, CDCl3), δ (ppm): 151.47, 134.94, 134.70,
125.39, 31.52, 29.73, 28.69, -8.38. MS (EI, M+) for C19H32S2Sn2: calc’d 563.9990 found
563.9968.
1,6-bis((5-trimethylstannyl)thiophen-2-yl)hexane

(Me3SnThC6ThSnMe3).

Product obtained as a white crystal. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J
= 3.0 Hz), 6.91 (d, 2H, J = 2.8 Hz), 2.87 (t, 4H, J = 7.6 Hz), 1.71 (m, 4H), 1.43 (m, 4H),
0.35 (s, 18H). 13C NMR (400 MHz, CDCl3), δ (ppm): 151.60, 134.9, 134.65, 125.35,
31.64, 29.80, 28.84, -8.39. MS (EI, M+) for C20H34S2Sn2: calc’d 578.0146 found
578.0127.
1,7-bis((5-trimethylstannyl)thiophen-2-yl)heptane

(Me3SnThC7ThSnMe3).

Product obtained as a colorless liquid. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.03 (d, 2H,
J = 3.1 Hz), 6.91 (d, 2H, J = 3.0 Hz), 2.87 (t, 4H, J = 7.6 Hz), 1.70 (m, 4H), 1.39 (m, 6H),

41
0.36 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 151.68, 134.93, 134.61, 125.33,

31.74, 29.82, 29.02, -8.39. MS (EI, M+) for C21H36S2Sn2: calc’d 592.0303 found
592.0279.
1,8-bis((5-trimethylstannyl)thiophen-2-yl)octane

(Me3SnThC8ThSnMe3).

Product obtained as a white crystal. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J
= 3.2 Hz), 6.90(d, 2H, J = 3.1 Hz), 2.86 (t, 4H, J = 7.6 Hz), 1.68 (m, 4H), 1.34 (m, 8H),
0.35 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 151.73, 134.92, 134.59, 125.30,

31.74, 29.83, 29.17, 29.10, -8.41. MS (EI, M+) for C22H38S2Sn2: calc’d 606.0459 found
606.0461.
1,9-bis((5-trimethylstannyl)thiophen-2-yl)nonane

(Me3SnThC9ThSnMe3).

Product obtained as a white wax, which easily melts when being handled. 1H NMR (400
MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J = 3.0 Hz), 6.90 (d, 2H, J = 3.1 Hz), 2.86 (t, 4H, J =
7.6 Hz), 1.68 (m, 4H), 1.31 (m, 10H), 0.34 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ

(ppm): 151.75, 134.91, 134.58, 125.29, 31.76, 29.83, 29.26, 29.12, -8.41. MS (EI, M+)
for C23H40S2Sn2: calc’d 620.0616 found 606.0615.
1,10-bis((5-trimethylstannyl)thiophen-2-yl)decane

(Me3SnThC10ThSnMe3).

Product obtained as a white crystal. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J
= 3.2 Hz), 6.90(d, 2H, J = 3.1 Hz,), 2.86 (t, 4H, J = 7.6 Hz), 1.68 (m, 4H), 1.29 (m, 12H),
0.34 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 151.75 (Th-C), 134.91 (Th-C),

134.58, 125.29, 31.76, 29.83, 29.42, 29.27, 29.14, -8.42. MS (EI, M+) for C24H42S2Sn2:
calc’d 634.0772 found 634.0766.
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1,11-bis((5-trimethylstannyl)thiophen-2-yl)undecane (Me3SnThC11ThSnMe3).
Product obtained as a white crystal. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.01 (d, 2H, J
= 3.0 Hz), 6.90(d, 2H, J = 3.1 Hz), 2.86 (t, 4H, J = 7.5 Hz), 1.68 (m, 4H), 1.28 (m, 14H),
0.34 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 151.79, 134.92, 134.56, 125.28,

31.78, 29.84, 29.44, 29.29, 29.15, -8.42. MS (EI, M+) for C25H44S2Sn2: calc’d 648.0929
found 648.0942.
1,12-bis((5-trimethylstannyl)thiophen-2-yl)dodecane (Me3SnThC12ThSnMe3).
Product obtained as a white crystal. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J
= 3.0 Hz), 6.90 (d, 2H, J = 3.3 Hz), 2.86 (t, 4H, J = 7.7 Hz), 1.68 (m, 4H), 1.26 (m, 16H),
0.34 (s, 18H).

13

C NMR (400 MHz, CDCl3), δ (ppm): 151.79, 134.91, 134.56, 125.27,

31.78, 29.85, 29.54, 29.46, 29.30, 29.16, -8.42. MS (EI, M+) for C26H46S2Sn2: calc’d
662.1085 found 662.1085.
1,20-bis((5-trimethylstannyl)thiophen-2-yl)icosane

(Me3SnThC20ThSnMe3).

Product obtained as a white wax. 1H NMR (400 MHz, CDCl3), δ (ppm): 7.02 (d, 2H, J =
3.0 Hz), 6.90(d, 2H, J = 3.3 Hz), 2.86 (t, 4H, J = 7.7 Hz), 1.68 (m, 4H), 1.26 (m, 16H),
0.34 (s, 18H). MS (EI, M+) for C34H62S2Sn2: calc’d 774.2337 found 774.2349.

2.2.3.10 General Method for Polymerization and Purification of Polymers
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)-1,4-diketopyrrolo
[3,4-c]pyrrole (88 μmol) and ditin monomer (88 μmol) were added into a 35 mL
microwave vessel. For the liquid ditin monomers, the monomers were first
weighed in the vessel and the amount of the DPP monomer was calculated
accordingly. The monomers were dissolved in 15 mL of anhydrous toluene and
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degassed with nitrogen under stirring for 15 minutes. Pd2(dba)3 (2.5 mol%) and
tris(o-tolyl) phosphine (4 mol%) were quickly added to the solution under nitrogen.
The vessel was sealed with a snap cap and transferred to a CEM Discover
Automatic Microwave Reactor. The reaction conditions were listed as follows:
Power cycling mode; Power, 200 W; Power cycles, 100; Temperature, 150 180 °C; Heating, 120 s; Cooling, 30 s; Pressure, 150 psi; Stirring, high. After the
reaction has finished, the polymers were precipitated into methanol. Solids were
collected with a high quality glass thimble and the polymer was purified by
successive Soxhlet extraction with acetone, hexane and chloroform. The
chloroform fraction was concentrated and precipitated into methanol. The
polymers were collected by filtering through 0.45 μm PTFE filtration films and
were dried at 60 °C under vacuum. The CBS polymers were obtained as dark
solids with the yields in the range of 61% to 78%.
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2.3 Results

2.3.1 Synthesis of the Ditin Monomers with Alkylene Spacers of Different Lengths
The ditin monomers bearing linear alkylene CBSs were synthesized from
thiophene, dibromoalkane, n-butyllithium and trimethyltin chloride in two steps.
Dithiophenyl alkane derivatives (ThCmTh, m = 3 – 12 and 20) were prepared by
lithiation of thiophene at cryogenic temperature followed by salt metathesis with
dibromoalkanes. The ditin monomers, Me3SnThCmThSnMe3 (m = 3 to 12 and 20), were
generated from the dithiophenyl alkane derivatives with lithiation and salt metathesis
with trimethyltin chloride under similar conditions to the previous step.
The only exception was the C2 derivative, bis(5-trimethylstannylthiophen-2yl)ethane. When following the same route, the key intermediate, 1,2-di(thiophene-2yl)ethane (ThC2Th), could not be obtained from the first step due to the presence of
undesired elimination reaction. We also attempted another method recently reported by
Yao et al., which utilized the reduction of 1,2-di(thiophene-2-yl)ethylene using sodium
boron hydride and acetic acid with the presence of palladium on carbon.3, 6 According to
the NMR results from several trials, the reaction happened but was unable to complete. In
addition, the high similarities in structures between the starting material and the product
made it almost impossible to purify the product. As an alternative, we tried the Wolff−
Kishner−Huang−Minlon reduction of 2,2’-thenil and we successfully obtained ThC2Th in
high yields.7 Subsequently, trimethylstannyl groups were introduced to ThC2Th to form
the

C2

monomer,

1,2-bis(5-(trimethylstannyl)thiophen-2-yl)ethane
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(Me3SnThC2ThSnMe3).3 The structures and purities of the monomers were confirmed by
NMR and high-resolution mass spectroscopy.
All ditin monomers (Me3SnThCmThSnMe3) with even-numbered spacers
(m = 2, 4, 6, 8, 10, 12 and 20) were obtained in the form of white crystals or wax.
For the odd-numbered analogues, however, white solids were obtained with short
(m = 3) or long (m = 11) spacers. As a comparison, monomers with moderate
length (m = 5, 7 and 9) were obtained as colorless liquids.

2.3.2 Synthesis and Purification of DPP-Cm
The polymers containing different spacers, DPP-Cm, were prepared by Stille
polymerization with the aid of microwave irradiation. The obtained polymers, which
were in the form of blue solutions in toluene, were precipitated into methanol and
purified by Soxhlet extraction with acetone, hexane and chloroform. The chloroform
fraction was concentrated and precipitated into methanol. The solids were collected by
vacuum filtration over PTFE filter pads with 0.45 μm pore size. The product, in forms of
deep blue flakes, where dried at 60 oC under high vacuum to remove any solvent residues.
The molecular weights and polydispersities of the polymers were evaluated by
GPC with tetrahydrofuran under room temperature or 1,2,4-trichlorobenzene at 180 oC.
For each polymer, about 1 mg was weighed in a small vial and was added about 1 mL of
the solvent. The solutions were stirred under 50 oC overnight to fully dissolve the
polymers. Before analyses, the samples were cooled down to room temperature and
filtered through 0.45 μm PTFE syringe filters to remove any solid particles. The numeraverage molecular weights (Mn) and the polydispersity indexes (PDI) are summarized in
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Table 2.1. Based on the results from tetrahydrofuran, the molecular weights of the
polymers are between 6.6 to 17.2 kDa with small polydispersities of 1.2 to 1.5.
Considering that during the filter process previously introduced, some solids were
trapped in the filters for polymers with shorter CBSs, we suspected that the results are not
precise for these polymers. As a comparison, we also carry out GPC measurements for
these polymers in 1,2,4-trichlorobenzene at high temperature. The results are highlighted
in Table 2.1. For polymers measured under high temperature, both molecular weight and
polydispersity were obtained in larger values.

Table 2.1. Physical Properties of DPP-Cm.
Mn(kDa)/PDI a

Td c
°C

Tm d
°C

ΔHfus e
J/g

404

221

394

abs
max
(nm)

Egopt h

Energy levels (eV)

Solution f

Film g

(eV)

EHOMO i

ELUMO j

3.4

591, 633

596, 647

1.40

-5.19

-3.79

162

5.1

595, 639

601, 650

1.40

-5.17

−3.77

394

166

4.8

597, 630

606, 645

1.39

-5.19

-3.78

393

138

7.3

594, 631

605, 654

1.41

-5.14

-3.75

401

153

4.9

591, 632

606, 655

1.40

-5.13

-3.73

DPP-C6

6.6/1.2
(8.74/2.1) b
9.4/1.3
(13.3/1.8) b
7.60/1.2
(12.2/2.2) b
12.9/1.3
(14.9/2.0) b
8.2/1.3

DPP-C7
DPP-C8

12.3/1.4
10.3/1.3

396
397

114
114

8.6
6.4

590, 630
594, 627

603, 652
603, 654

1.40
1.42

-5.17
-5.16

-3.77
-3.74

DPP-C9

13.9/1.4

404

110

9.6

590, 629

601, 652

1.39

-5.19

-3.78

DPP-C10

15.4/1.3

390

105

7.4

589, 629

603, 649

1.39

-5.12

-3.73

DPP-C11

17.2/1.5

406

98

9.1

589, 628

599, 651

1.42

-5.11

-3.69

DPP-C2
DPP-C3
DPP-C4
DPP-C5

DPP-C12

14.5/1.4

405

94

9.7

589, 628

600, 651

1.40

-5.15

-3.75

DPP-C20

5.2/1.32

406

‒

‒

587, 625

619, 671

1.36

‒

‒

a)

In tetrahydrofuran at room temperature.
In trichlorobenzene at 180 °C. c)
Decomposition temperature. d) Melting points. e) Enthalpy of fusion. f) In chloroform
solution. g) Spin-coated films on glass substrates, annealed at 120 °C. h) Calculated from
the onset absorption

b)

abs
Egopt =1240/onset

Calculated using the equation

(nm).

i)

Obtained from UPS, uncertainty ±0.05 eV.

ELUMO  EHOMO  E

opt
g

.

j)
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2.3.3 Photophysical Properties of DPP-Cm
The optical properties of the CBS polymers were evaluated using UV-Vis-NIR
spectroscopy. The solution and solid-state UV-Vis-NIR spectra are exhibited in Figures
2.2. The results are summarized in Table 2.1. In chloroform solutions, all polymers
exhibit a structured absorbing band with absorption maximum around 630 and 590 nm. In
thin films, a bathochromic shift about 20 nm is observed for all polymers. A broad
absorption at around 800 nm implies the existence of π-aggregates in the thin films.
The energy levels are summarized in Table 2.1. HOMO levels were measured by
ultraviolet photoelectron spectroscopy (UPS). The optical bandgaps of the polymers are
calculated from the onset points of the high wavelength edges. All polymers have HOMO
levels around −5.15 eV and optical bandgaps around 1.40 eV. The LUMO levels, which
are calculated from the HOMO levels and the optical bandgaps, are located around −3.75
eV.
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Figure 2.2. Normalized UV-Vis-NIR spectra of the CBS polymers, DPP-Cm (m = 2 to 12
and 20), in chloroform solutions (top) and as thin films (bottom).
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2.3.4 Thermal Properties of DPP-Cm
Thermal stabilities of the polymers were evaluated using thermal gravimetric
analysis (TGA). The decomposition temperatures are summarized in Table 1 and the
thermograms are presented in Figure 2.3. No thermal decomposition is observed until
around 400 °C. Phase transition properties of the polymers were studied by differential
scanning calorimetry (DSC). The melting points and heats of fusion are summarized in
Table 2.1.
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Figure 2.3 Thermogravimetric analysis (TGA) curves of the CBS polymers
(10 °C/min under nitrogen atmosphere).
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2.3.5 FET Characterizations of DPP-Cm and the Corresponding c-SPBs
The charge transport properties of DPP-Cm (m = 2 to 12) and their c-SPBs with 2
wt% of the tie chain polymer DPP-C0 were investigated using bottom-gate bottomcontact (BGBC) device configurations, as is shown in Figure 1.6. Average mobilities
were calculated from more than five batches of devices with more than four devices in
each batch for statistical meaningful results. The results are summarized in Table 2.2. The
output and transfer curves for pure CBS polymers are presented in Figure 2.4. The curves
for c-SPBs are presented in Figure 2.5.

Table 2.2. Charge transport characteristics of DPP-Cm and c-SPB with 2 wt% of DPP-C0.
Devices were annealed at 120 °C.
DPP-Cm
m
(Length of CBS)

μavg

μmax

c-SPBs with DPP-C0 (2 wt%)
μavg

μmax

2

cm /Vs

Vth
V

Ion/Ioff

cm /Vs

2

2

cm /Vs

2

cm /Vs

Vth
V

2

0.023

0.032

−9.3

107-108

0.78

1.29

−10.2

~107

3

0.012

0.025

−9.8

~107

0.81

1.23

−12.1

106-107

4

0.013

0.025

−8.4

~107

0.60

1.00

−11.7

106-107

5

0.0023

0.0055

−6.9

106-107

0.53

0.77

−8.4

106-107

6

0.0023

0.0052

−5.3

~107

0.26

0.54

−8.9

106-107

7

8.2E-04

0.0019

−6.6

105-106

0.099

0.31

−9.1

106-107

8
9
10
11
12

5.4E-04
1.2E-04
1.6E-04
4.9E-05
7.9E-06

0.0011
1.7E-04
2.5E-04
1.0E-04
1.3E-05

−3.4
−7.1
−12.5
−14.1
−14.4

105-106
105-106
105-106
~105
~104

0.081
0.081
0.066
0.052
0.012

0.15
0.15
0.11
0.098
0.029

−7.4
−8.9
−10.2
−8.2
−9.8

~106
105-106
105-106
105-106
~105

Ion/Ioff
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Figure 2.4. Transfer and
d output curvves of pure polymer OFE
ETs.
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Figure 2.5. Trransfer and output curvees of c-SPB O
OFETs with 2 wt% DPP
P-C0 blendedd into
thee matrix polyymers.
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2.3.6 AFM Images
The AFM images of the pure CBS polymer films as cast are shown in Figure 2.6.
The images of films annealed at 80 and 120 °C are shown in Figures 2.7 and 2.8,
respectively. The AFM images of the c-SPB films with 2 wt% of the fully-conjugated tie
chain polymer are shown in Figure 2.9.
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Figure 2.6. AFM imagess of pure CB
BS polymer t hin films. Thhe films werre tested as ccast.

55

Figure 2.7. AFM imagees of pure CB
BS polymerr thin films. T
The films weere annealedd at
80
0 °C before ttested.
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Figure 2.8.. AFM images of pure CBS
C polymerr thin films. The inset shhows the crossssection figurees of DPP-C
C3 and DPP-C
C4. The film
ms were anneealed at 120 °C before teested.
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Figure 2.9.. AFM images of c-SPB thin films w
with 2 wt% oof DPP-C0. T
The films weere
d at 120 °C bbefore testedd.
annealed
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2.3.7 X-Ray
X
Meassurements
The grazing
g
incid
dence X-ray
y diffraction (GIXRD) iimages of thhe CBS pollymer
th
hin films are presented in
n Figure 2.10.

Figure 2.10
0. GIXRD im
mages of thee CBS polym
mers, DPP-C
Cm.
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2.4 Discussion

2.4.1 Ditin Monomers
The clear differences in the appearance of the monomers suggested a significant
influence of the flexible spacers to the melting points of the monomers. Although we did
not measure the melting points of these monomers owing to their potential thermal
decomposition which could possibly form highly toxic side products, we attribute the
change in melting points with different spacers to a competition between the π−π
interactions of the thiophene rings and the van der Waals interactions between the
alkylene chains. With shorter alkylene chains, the strong π−π interactions predominates
between the monomer molecules, resulting in higher melting points and the appearance
as solids for monomers with four or less methylene units. In this region, the flexible
alkylene chain serves as an interruption for the π−π interactions and the melting point
drops with the addition of methylene units to the spacer, which leads to the existence in
liquid form for the monomers with spacers of five, seven or nine methylene units. When
the alkyl chain is long enough (m > 9), the van der Waals interaction between the alkyl
chains in turn became strong enough to hold the monomers in solid forms, resulting in
waxy appearances of the monomers in this region. In addition, the fact that all monomers
in liquid forms were species with odd-numbered spacers strongly suggested an odd-even
effect in this series, which was more obvious for polymers and will be further discussed
in the following parts.
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2.4.2 Molecular Weights of the Polymers
From the room temperature GPC results obtained from tetrahydrofuran, we
observed larger molecular weights for polymers with longer CBSs. We doubted that the
differences in solubility between different polymers might lead to this trend. In other
words, polymers with short CBSs exhibit lower solubilities in THF. For these polymers,
high molecular weight portions were filtered off by the syringe filters. As a result, the
GPC data for these polymers only reflects the fractions with lower molecular weights. To
justify our assumption, we carried out GPC measurements for those polymers with low
solubilities in 1,2,4-trichlorobenzene at 180 °C, at which all the polymers are fully
dissolved and no polymers were filtered off. For polymers measured under high
temperature, both molecular weight and polydispersity were obtained in larger values
compared to those under room temperature. By comparing with other polymers, we
confirm that all CBS polymers to be discussed in this chapter have comparable molecular
weights and polydispersities.
Another concern is the relatively low degree of polymerization for these
polymers. The range of molecular weights of these polymers (around 10 kDa, or about 10
repeating units) is significantly smaller than that of the fully-conjugated congeners, DPPC0 or DPP-TT (which readily reach about 100 kDa, or around 100 repeating units). It
needs to be pointed out that fully-conjugated polymers, especially for those with a D-A
structure, have rather rigid backbones, which make them rather difficult to form free coils
in solutions. As a result, the molecular weight information obtained from GPC is known
to be overestimated for fully-conjugated polymers. Aggregations of these polymer
molecules in solution, resulting from the strong π-π interactions between the molecules of
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these polymers, also contribute to such effect.8 On the other hand, the alkylene chains
within the backbones of the CBS polymers make them more flexible and easier to form
free coils, resulting in a smaller overestimating effect for the CBS polymers. To sum up,
we admit that the larger value (DPP-C0) is more overestimated than the smaller values
(DPP-Cm), leading to an overall exaggerating of the difference between these values.
However, the differences between these values are significantly larger than the reported
overestimating factor (usually less than 2.5) brought by GPC, which still indicates the
comparatively smaller molecular weights of the CBS polymers.
This effect may be a result of differences in the catalytic cycle of Stille coupling
reactions with different reactants. For fully-conjugated polymers, studies on nonstoichiometric Stille polymerizations have recently been carried out. The molecular
weights of the products show a drastic derivative compared to the theoretical predictions
based on the suggestion that the polymerization process is merely step growth and the
active catalytic species fall off the polymer chain after each catalytic cycle. Hence,
catalyst transfer is rather significant in these systems, leading to improved efficiency of
the catalytic reaction and higher degree of polymerization.9 As for CBS polymers, the
presence of the CBSs shuts down the conjugation between the two thiophene rings, which
may also shut down the catalyst transfer process and leads to a lower molecular weight of
the polymer.
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2.4.3 Photophysical Properties of the Polymers
As is shown in Figure 2.2, the optical properties of the CBS polymers are similar
to each other. However, the absorbing spectra of the CBS polymers are distinct from the
fully-conjugated congeners, DPP-C0. The absorbing spectra of DPP-C5 and DPP-C0 in
both solutions and thin films are shown in Figure 2.11. As a result of the presence of
CBSs and well-defined chromophores along the polymer backbones, all CBS polymers
exhibit a structured absorbing band in chloroform solutions. This behavior is different
from DPP-C0, which presents a broad absorption band at longer wavelength, indicating a
larger degree of electronic delocalization along the polymer backbone. In thin films, all
absorbing peaks of the CBS polymers are red shifted for about 20 nm, indicating the
formation of J-aggregation between the chromophores in solid state.10 This behavior is
also significantly different from DPP-C0, which shows a slight hypsochromic shift from
solution to solid state. Similar to the fully-conjugated polymer, the presence of a broad
absorption at around 800 nm for the CBS polymers implies the existence of π-aggregates
in the thin films. The optical band gaps of the CBS polymers are larger than DPP-C0,
which is also a sign of shorter conjugation lengths. The HOMO levels of the CBS
polymers are about 0.2 eV lower than DPP-C0.
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Figure 2.11. UV-Vis spectra of DPP-C5 and DPP-C0.

2.4.4 Thermal Properties of the Polymers
The thermal behaviors of the CBS polymers are different from their fully-conjugated
congener, DPP-C0. DPP-C0 does not show any phase transition before thermal
decomposition.11 On the contrary, melting points are observed in the range of 90 to
220 °C for all CBS polymers, suggesting high crystallinity of these polymers. The
relationship between melting points, heats of fusion and the CBS length is shown in
Figure 2.11.
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Figure 2.12. Relationship between melting points (squares) and heats of fusion (triangles)
of the CBS polymers and the length of CBS.

A strong correlation between the phase transitions and the length of the CBSs is
also observed. In general, polymers with longer CBSs show lower melting points. For
instance, DPP-C2 exhibits a broad melting peak at 221 °C, while the melting point of
DPP-C12 is as low as 71 °C. In addition, a clear odd-even effect is observed from DPPC2 to DPP-C8. In this region, all even-numbered polymers show higher melting points
than the adjacent odd-numbered derivatives. For example, DPP-C4 has a melting point of
166 °C, while for DPP-C3 and DPP-C5 the numbers are 162 and 138 °C, respectively.
This trend vanishes for polymers with longer CBSs. From DPP-C8 to DPP-C12, a
monotonous decreasing trend is observed for melting points (114 to 94 °C). This trend in
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phase transition temperature is similar to that of n-alkanes: between methane and
undecane, an obvious odd-even effect is observed, but beyond dodecane, a monotonous
trend is observed.12
For heats of fusion, an opposite trend was observed. Generally, an ascending trend
is observed with increasing the CBS length. For instance, the enthalpy of fusion for DPPC3 was 5.1 J/g, which was only about a half of DPP-C11 (9.1 J/g). An odd-even effect is
also observed for the heat of fusion. Polymers with odd-numbered CBSs exhibit larger
heat of fusion compared to their adjacent even-numbered analogues. For example, DPPC7 has the heat of fusion of 8.6 J/g, while DPP-C6 and DPP-C8 have the value of 4.9 J/g
and 6.4 J/g, respectively. For same or similar polymers, heat of fusion is correlated with
crystallinity.13 Considering the structural similarities among all polymers, our results
suggest that the odd-numbered polymers have higher ordering and crystallinity than their
adjacent even-numbered congeners.
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2.4.5 Charge Transport Properties of CBS Polymers and c-SPBs
The FET mobilities of DPP-Cm and their corresponding c-SPBs with 2 wt% of
DPP-C0 are shown in Figure 2.12.
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Figure 2.13. Charge carrier mobility as a function of the number of methylene units in
CBS of pure CBS polymers and c-SPBs with 2 wt% of DPP-C0 FET devices annealed at
120 °C. Error bar represents one standard deviation.

For all CBS polymers, typical p-channel charge transport behaviors are observed.
As the length of CBS increases, the FET results show a generally descending trend in
mobility. The decreasing rate of the mobility was calculated from the exponential fit. The
result reveals that for every two methylene units added to the CBS, the mobilities of the
polymers would decrease on average by 6 times. This overall descending trend is
attributed to the decrease in lower density of π-π aggregates, which is known to be crucial
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for interchain charge transport (especially with these CBS polymers that are unable for
intra-chain charge transport), with longer CBSs.
In addition, an odd-even effect is also observed in this trend. Polymers with evennumbered CBSs generally show greater charge carrier mobilities than the adjacent oddnumbered analogues. DPP-C20, however, failed to show any FET performance. Based on
the relationship above, the mobility of DPP-C20 is calculated to be 1.0×10−8 cm2V−1s−1,
which is too low to be properly measured.
By adding 2 wt% of the fully-conjugated DPP-C0 to the CBS polymers, two or
three orders of magnitude improvement in charge mobility is generally observed for the
c-SPBs. Compared to the pure CBS polymers, charge transport in the c-SPBs is less
sensitive to the length of CBSs. In other words, the descending rate for c-SPBs is smaller
than the pure CBS polymers. As a result, the improvement in charge carrier mobilities is
more obvious for polymers with longer CBS and with lower intrinsic mobilities. In
addition, plateaus are observed for some adjacent polymers (DPP-C2 to DPP-5 and DPPC7 to DPP-C11) and the odd-even effect is less obvious.
These differences between the charge transport properties of CBS polymers and
their c-SPBs serve as additional proof for the tie chain model we have proposed. For
DPP-Cm, interchain transport is the primary pathway for charge transport owing to the
halt of conjugation along the backbone brought by the CBSs. Interchain transport is
largely dependent on the density of π-aggregates. Longer the CBS leads to lower πaggregate density in the material and fewer charge transport pathways, resulting in lower
charge carrier mobilities. As for the c-SPBs, the fully-conjugated tie chain polymer
connects crystalline π-aggregates of the CBS-containing matrix polymer, which leads to
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enhanced charge transport. Compared to pure DPP-Cm, the addition of tie chain polymer,
DPP-0, changes the transport landscape by allowing efficient intrachain charge transport
originating from the interconnected network formed between crystalline π-aggregates and
tie chains.

2.4.6 Thin Film Morphology of CBS Polymers and Their c-SPBs
As is shown in Figures 2.8 to 2.11, most of the annealed films show larger domain
sizes compared with the films without annealing. By comparing the morphology of films
of different polymers annealed at 120 °C (Figure 2.10), we observed distinct
morphologies between polymers films with odd- and even-numbered CBSs from DPP-C2
to DPP-C8. For polymers with even-numbered CBSs, the films present granular-like
features observed in other DPP-based D-A polymers.14 In contrast, the odd-numbered
polymer thin films exhibit lamellar-like (layer-by-layer) morphology. The cross-section
figures of DPP-C3 and DPP-C4 are highlighted as examples.
For DPP-C9 to DPP-C12, however, much smoother AFM images were obtained
and no significant difference could be observed between these images. Considering the
low melting points of these polymers, we recorded AFM images of the films annealed at
80 °C instead. Clear images for DPP-C9 to C12 are obtained as is revealed in Figure 2.9.
A similar odd-even effect is observed from these results.
The AFM images of the c-SPB films are shown in Figure 2.11. Compared with
Figure 2.10, we observe that the morphologies of the c-SPB thin films are similar to their
corresponding pure CBS polymer thin films.
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stacking distances suggest that the odd- and even-numbered polymers have different
tilting angle respect to the surface than the odd-numbered counterparts, which is in
agreement with the difference in the symmetry of the CBS unit. Similar effects have been
recently reported for small molecule organic semiconductors. Owing to the similarities
between the reported systems and our CBS polymer, the origin of such an effect should
be similar, which is a result of different tilting angles of the CBSs between the conjugated
segments.15

2.4.8 Correlation between the Odd−Even Effects of Physical Properties, Thin Film
Morphology and Charge Transport
The rich odd-even effects in this set of semiconducting polymers resulted from
varying the length of conjugation-break spacers along the polymer backbones have not
been well-known. It opens a new dimension in molecular design to control the polymer
properties by using proper conjugation break spacers.
In earlier work, Pei et al. prepared a set of small molecules by linking two
conjugated moieties with alkyl spacers and studied their influence on microwire growth
and crystal packing. From the crystal structures, the odd-numbered aromatic moieties
tend to exhibit bent or “V-shaped” configuration, whereas zigzag or “Z-shaped”
configuration is favored in even-numbered derivatives. It was also observed that the oddnumbered derivatives exhibit a strong tendency of one-dimensional growth. In contrast,
the even-numbered molecules do not show any preferred crystal growing tendency.16
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In this current study, we confirmed that the odd-even effect observed in small
molecules can be extended into polymeric materials. The observations are summarized as
follows:
(1) Polymers with odd-numbered CBSs show better solubilities, lower melting
points, smaller π−π stacking distances, two-dimensional lamellar-like morphologies
and higher crystallinity. On the contrary, polymers with even-numbered CBSs show
poorer solubilities, higher melting points, larger π−π stacking distances, granular-like
morphologies and lower crystallinity.
(2) For polymers with CBSs exceed eight methylene units, the odd-even effect in
melting points disappears.
(3) Charge mobilities of matrix polymers decreases as the CBS length increases.
However, the odd−even effect is notably present in charge transport, with evennumbered polymers outperforming their adjacent odd-numbered counterparts.
(4) For charge transport in the c-SPBs, no odd-even effect is observed.

At the first glance, the results from (1) and (3) are somewhat counterintuitive.
Considering that odd-numbered polymers exhibit smaller π−π stacking distances and
higher crystallinity than the even-numbered derivatives, they should exhibit higher charge
carrier mobilities as well.17-19 On the contrary, FET characterization results show a
reverse trend. The possible explanation to solve this contradiction is that Z-shaped
configuration in even-numbered polymers is more beneficial for the formation of
interconnected charge transport network than V-shaped configuration in odd-numbered
polymers.
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2.5 Conclusions
In summary, a set of eleven matrix polymers containing conjugation-break
spacers of two to twelve methylene units are synthesized and the relationship between the
properties of these polymers and the lengths of the CBSs was extensively studied.
Polymers with longer side chains exhibit lower charge carrier mobilities, lower melting
points and higher crystallinity. Profound odd−even effects on the properties were
observed ranging from melting transition, thin-film morphology and charge transport. To
the best of our knowledge, odd-even effects with the origin from backbones have not
been reported for semiconducting polymers. On the other hand, hole mobilities of the cSPBs are less sensitive to the lengths of CBSs. This work provides new strategy to tune
the physical properties of the semiconducting polymers, and reconfirms that efficient
charge transport properties of the c-SPBs result from cooperation between π-aggregates
of the matrix polymers and the tie chain polymer. Research on this system has laid the
ground work for making polymeric semiconducting materials that can be processed with
new techniques.
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CHAPTER 3. THE INFLUENCE OF SIDE CHAINS OF THE MATRIX POLYMER

3.1 Introduction

3.1.1 Side Chain Engineering
Side chain engineering serves as a crucial strategy to tune intermolecular
interactions and affect both physical and electrical properties of OSCs.1-3 The success of
rr-P3HT serves as an early and convincing example for this strategy. By introducing
hexyl side chain to the β-positions of the thiophene rings and controlling the overall
regioregularity, the charge carrier mobilities of solution-processed rr-P3HT-based OFET
devices can achieve about 0.1 cm2/V s, which is improved from polythiophene with no
side chains by four orders of magnitude. As for small molecular OSCs, varying side
chains has significant influence on the molecular packing and charge transport
properties.4 For example, Feng et al. reported a series of discotics with alkyl and
oligoether side chains. The drastic difference between the polarities of the side chains
brought about nicely controlled molecular packing and charge carrier mobilities.5 Side
chain engineering is also crucial for D-A conjugated polymers by tuning crystallinity and
intermolecular interactions, as well as improving solubilities to allow for solution
processing techniques. Kanimozhi et al. reported an alternating copolymer of two
diketopyrrolopyrrole (DPP) monomers with either alkyl or oligoether side chains. The
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special architecture resulted in a high electron mobility of 3 cm2/Vs.6 Mei et al.
introduced siloxane-terminated solubilizing groups, which led to smaller π-π stacking
distances between polymer molecules and presence of crystalline grains in both in-plane
and out-of-plane-directions. These unique features of the materials favored charge
transport and resulted in improved average charge carrier mobilities as high as 4.5 cm2
V−1 s−1.7 Branched alkyl chains are more commonly used as solubilizing side chains and a
number of studies has shown that the branching position also dramatically influences the
charge transport of the polymer OSCs.8, 9 Thermal behaviors of conjugated polymers can
be tuned by side chains, too. For instance, rr-P3HT has a melting point and
crystallization rate both much higher than rr-poly(3-(2-ethylhexyl)thiophene) (rrP3EHT).10, 11

3.1.2 Project Motivation
In this chapter, we aim to reveal the influence of the side chains on the physical
properties of the matrix polymers, as well as on the charge transport of the matrix
polymers and their corresponding c-SPBs. DPP-based CBS polymers with different side
chains, including four with symmetric side chains (including branched alkyl chain,
oligoether chain and siloxane-terminated side chain) and two with asymmetric side
chains were synthesized and characterized. The structures, nomenclatures and synthesis
of the monomers are summarized in Figure 3.1.
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3.2 Experimental

3.2.1 Materials
All reagents were purchased from Sigma Aldrich and used without further
purification unless otherwise noted. 1,1,1,3,5,5,5-Heptamethyltrisiloxane and Karstedt’s
catalyst (platinum divinyltetramethyldisiloxane complex, 2% in xylene, low color) were
purchased from Gelest. Anhydrous N,N-dimethylformamide was prepared from MB-SPS
solvent purifying system.

3.2.2 Methods
1

H and 13C NMR spectra were recorded on Varian Mercury 300 or Brucker ARX

400 at 293 K with deuterized chlorofrom as solvent. Size exclusive chromatography
(SEC) was performed in tetrahydrofuran under room temperature using a Polymer
Laboratories PL-GPC20. The results were calculated based on the calibration curve
generated from polystyrene standards. UV-vis-NIR spectra were measured with an
Agilent Technologies Cary 6000i UV-Vis-NIR spectrophotometer (300 - 1300 nm). All
solution spectra were collected in chloroform and thin film spectra from drop-casted
samples on glass substrate annealed at 120 °C for 10 minutes. Atomic force microscopy
images were obtained on a Veeco Dimension 3100 AFM in tapping mode. Grazing
incidence X-ray diffraction was performed at the Argonne National Laboratory on
beamline 8-ID-E. Data were collected with a two-dimensional detector (Pilatus 1M) to
obtain molecular packing information. The beam energy was 7.35 keV. Experiments

79
were carried under ambient condition. One scan was carried for each sample with
incident angel set at 0.2°.

3.2.3 Synthesis

3.2.3.1 General Methods for the Synthesis of Alkyl Bromides
A round bottom flask was charged with a magnetic stir bar, 50 mL
dichloromethane, 64 mmol of the alcohol with the corresponding alkyl chain, and 61
mmol of triphenylphosphine (0.95 equiv.). The flask was purged with nitrogen before
wrapped with aluminum foil and cooled in ice-water bath. 10.9 g of N-bromosuccinimide
(61 mmol, 0.95 equiv.) was added into the flask in small fractions. The reaction was kept
overnight. The solvent was removed in vacuo, and the mixture was taken up in hexanes
and filtered. The solution was concentrated via rotovap and passed through a short silica
gel column with the corresponding eluent. Colorless liquids were obtained as products.
1-Bromo-2-hexyldecane (C1C6C8-Br): product was purified with hexanes as
the eluent (61%). 1H NMR (400 MHz, CDCl3) δ 3.45 (d, J = 5.1 Hz, 2H), 1.60 (m, 1H),
1.34 – 1.27 (m, 24H), 0.89 (t, J = 6.3 Hz, 6H).

13

C NMR (400 MHz, CDCl3) δ 39.60,

39.41, 32.47, 31.80, 31.71, 29.69, 29.45, 29.36, 29.20, 26.45, 22.56, 14.00.
1-Bromo-2-(2-(2-ethoxyethoxy)ethoxy)ethane (TEG-Br): product was purified
with dichloromethane-hexanes 1:3 as the eluent (81%). 1H NMR (400 MHz, CDCl3) δ
3.81 (t, J = 6.4 Hz, 2H), 3.69 – 3.46 (m, 12H), 1.21 (t, J = 7.0 Hz, 3H). 13C NMR (400
MHz, CDCl3) δ 71.11, 70.65, 70.51, 70.45, 69.72, 66.55, 30.19, 15.06. MS (ESI, M+Na+)
for C8H17BrNaO3: calc’d 263.0253 found 263.0257.
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10-Bromo-1-decene (C10H19-Br): product was purified with hexanes as the
eluent (88%). 1H NMR: 5.81 (m, 1H), 5.03 – 4.91 (m, 2H), 3.41 (t, J = 6.8 Hz, 2H), 2.04
(m, 2H), 1.86 (m, 2H), 1.42 – 1.30 (m, 10H).

3.2.3.2 General Method for the Synthesis of DPP Derivatives
DPP (1.53 g, 5.1 mmol), potassium carbonate (2.11 g, 15.3 mmol) and 18-crown6 (60 mg, 0.23 mmol) were dissolved in anhydrous N,N-dimethylformamide (30 mL) in
an oven dried flask. The solution was stirred at 100 °C for 1 hour under nitrogen. The
corresponding alkyl bromide (11.2 mmol) was added dropwise via a syringe (for the
asymmetric DPP derivatives, a 1:1 mixture of the corresponding alkyl bromides was
added). The solution was left stirring at 100 °C overnight. After cooling down to room
temperature, 100 mL of 1 M HCl was added and the mixture was extracted with hexanes
or ethyl acetate (3 × 50 mL). The organic layers were combined, washed with brine and
dried over magnesium sulfate. The solids were removed by filtration and solvents were
removed in vacuo. The derivatives were further purified as described below.
2,5-Didodecyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(C12-DPP): The obtained crude product was purified by column chromatography with
hexanes-dichloromethane (1:1 to 1:3) as the eluent. Purple solid was obtained from
precipitation into methanol as the product (411 mg, 645 μmol, 12.7%). 1H NMR (400
MHz, CDCl3) δ 8.93 (d, J = 3.9 Hz, 2H), 7.63 (d, J = 5.0 Hz, 2H), 7.28 (d, J = 4.7 Hz,
2H), 4.06 (t, J = 7.9 Hz, 4H), 1.74 (m, 4H), 1.43 – 1.26 (m, 36H), 0.87 (t, J = 6.8 Hz,
6H).

13

C NMR (400 MHz, CDCl3) δ 161.25, 139.90, 135.14, 130.53, 129.69, 128.49,

107.60, 42.12, 31.81, 29.85, 29.52, 29.45, 29.43, 29.24, 29.14, 26.77, 22.58, 14.01.
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2,5-Bis(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (C1C6C8-DPP)12: The crude product was purified by column chromatography
with hexanes-ethyl acetate 17:3 as the eluent (1.08g, 28.4%). 1H NMR (400 MHz,
CDCl3) δ 8.87 (d, J = 3.9 Hz, 2H), 7.62 (d, J = 5.0 Hz, 2H), 7.27 – 7.25 (m, 2H), 4.01 (d,
J = 7.7 Hz, 4H), 1.89 (m, 2H), 1.29 – 1.21 (m, 48H), 0.84 (m, 12H). 13C NMR (400 MHz,
CDCl3) δ 161.65, 140.33, 135.10, 130.36, 129.74, 128.28, 107.84, 46.10, 37.63, 31.78,
31.66, 31.08, 29.90, 29.57, 29.39, 29.19, 26.09, 22.56, 14.01.
2,5-Di(dec-9-en-1-yl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (C10H19-DPP): The crude product was purified in the same method of C12-DPP
(1.18 g, 2.04 mmol, 40.1%). 1H NMR (400 MHz, CDCl3) δ 8.92 (d, J = 3.9 Hz, 2H), 7.63
(d, J = 5.0 Hz, 2H), 7.28 (t, J = 4.4 Hz, 3H), 5.80 (ddt, J1 = 17.0 Hz, J2 = 10.3 Hz, J3 =
6.6 Hz, 2H), 4.95 (m, 4H), 4.06 (t, J = 7.9 Hz, 4H), 2.02 (m, 4H), 1.74 (m, 4H), 1.43 –
1.24 (m, 20H).

13

C NMR (400 MHz, CDCl3) δ 161.27, 139.92, 139.07, 135.15, 130.58,

129.66, 128.50, 114.05, 107.58, 42.10, 33.66, 29.83, 29.23, 29.07, 28.90, 28.76, 26.73.
MS (ESI, M+H+) for C34H45N2O2S2: calc’d 577.2917 found 577.2910.
2,5-Bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4c] pyrrole-1,4(2H,5H)-dione (TEG-DPP)13: The crude product was purified by column
chromatography with dichloromethane: acetone (10:1 to 5:1) as the eluent. Purple needle
crystals were obtained from recrystallization from dichloromethane and hexanes as the
product (1.56 g, 49.1%). 1H NMR (300 MHz, CDCl3) δ 8.71 (d, J = 3.9 Hz, 2H), 7.58 (d,
J = 5.0 Hz, 2H), 7.19 (dd, J1 = 5.1 Hz, J2 = 3.9 Hz, 2H), 4.20 (t, J = 6.2 Hz, 4H), 3.73 (t,
J = 6.2 Hz, 4H), 3.68 – 3.43 (m, 20H), 1.12 (t, J = 7.0 Hz, 6H).

13

C NMR (400 MHz,

CDCl3) δ 161.30, 140.20, 134.65, 130.72, 129.53, 128.27, 107.69, 70.59, 70.54, 70.37,
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69.66, 68.78, 66.44, 41.71, 15.03. MS (ESI, M+Na+) for C30H40N2O8S2Na: calc’d
643.2118 found 643.2138.
2-Dodecyl-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-3,6-di(thiophen-2-yl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione (C12-TEG-DPP): The crude product was purified by
column chromatography with dichloromethane: acetone (10:1) as the eluent (26.9%). 1H
NMR (300 MHz, CDCl3) δ 8.90 (dd, J1 = 3.9 Hz, J2 = 1.2 Hz, 1H), 8.77 (dd, J1 = 3.9 Hz,
J2 = 1.2 Hz, 1H), 7.65 (dd, J1 = 5.1 Hz, J2 = 1.2 Hz, 1H), 7.62 (dd, J1 = 5.1 Hz, J2 = 1.2
Hz, 1H), 7.34 – 7.21 (m, 2H), 4.28 (t, J = 6.3 Hz, 2H), 4.06 (t, J = 7.8 Hz, 2H), 3.79 (t, J
= 6.3 Hz, 2H), 3.67 – 3.44 (m, 10H), 1.74 (m, 2H), 1.25 (m, 24H), 1.18 (t, J = 7.0 Hz,
3H), 0.88 (t, J = 6.7 Hz, 3H).

13

C NMR (400 MHz, CDCl3) δ 161.35, 161.26, 140.22,

139.93, 135.24, 134.61, 130.74, 130.55, 129.62, 129.59, 128.51, 128.29, 108.08, 107.23,
70.58, 70.40, 69.69, 68.85, 66.49, 42.10, 41.75, 31.80, 29.83, 29.52, 29.23, 29.13, 26.76,
22.58, 15.04, 14.02. MS (ESI, M+H+) for C34H49N2O5S2: calc’d 629.3083 found
629.3073.
2-(2-(2-(2-Ethoxyethoxy)ethoxy)ethyl)-5-(2-hexyldecyl)-3,6-di(thiophen-2yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (C1C6C8-TEG-DPP): The crude product
was purified by column chromatography with dichloromethane: acetone (10:1) as the
eluent. (24.6%) 1H NMR (400 MHz, CDCl3) δ 8.81 (d, J = 4.0 Hz, 1H), 8.78 (d, J = 3.9
Hz, 1H), 7.61 (m, 2H), 7.24 (m, 2H), 4.27 (t, J = 6.4 Hz, 2H), 3.99 (d, J = 7.7 Hz, 2H),
3.78 (t, J = 6.3 Hz, 2H), 3.68 – 3.42 (m, 10H), 1.87 (m, 1H), 1.31 – 1.12 (m, 27H), 0.83
(m, 6H). 13C NMR (400 MHz, CDCl3) δ 161.63, 161.35, 140.55, 139.99, 135.03, 134.71,
130.56, 130.51, 129.64, 129.63, 128.31, 128.27, 107.94, 107.62, 70.61, 70.43, 69.70,
68.85, 66.49, 46.04, 41.72, 37.61, 31.76, 31.65, 31.02, 29.88, 29.55, 29.38, 29.16, 26.04,
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22.52, 15.04, 13.99. MS (ESI, M+H+) for C38H57N2O5S2: calc’d 685.3709 found
685.3705.
2-(Dec-9-en-1-yl)-5-(2-hexyldecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (C10H19-C1C6C8-DPP): The product was purified with the same
method of C10H19-DPP. 1H NMR (400 MHz, CDCl3) δ 8.95 (dd, J1 = 4.0, J2 = 0.8 Hz,
1H), 8.85 (dd, J1 = 4.0 Hz, J2 = 0.8 Hz, 1H), 7.67 – 7.59 (m, 2H), 7.32 – 7.23 (m, 2H),
5.80 (ddt, J1 = 16.9 Hz, J2 = 10.2 Hz, J3 = 6.6 Hz, 1H), 5.03 – 4.88 (m, 2H), 4.07 (t, J =
7.8 Hz, 2H), 4.01 (d, J = 7.7 Hz, 2H), 2.03 (m, 2H), 1.89 (m, 1H), 1.75 (m, 2H), 1.48 –
1.10 (m, 34H), 0.84 (m, 6H).
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C NMR (400 MHz, CDCl3) δ 161.64, 161.27, 140.27,

139.96, 139.06, 135.28, 134.97, 130.50, 130.41, 129.74, 129.68, 128.53, 128.26, 114.05,
107.96, 107.47, 46.09, 42.12, 37.63, 33.67, 31.77, 31.66, 31.07, 29.87, 29.56, 29.38,
29.18, 29.07, 28.77, 26.75, 26.08, 22.54, 14.00. MS (ESI, M+H+) for C40H59N2O2S2:
calc’d 663.4012 found 663.4019.

3.2.3.3 2,5-Bis(10-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)decyl)-3,6-di(thiophen-2-yl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (Si-DPP)7, 14
C10H19-DPP (1.0 g, 1.7 mmol) was dissolved in 20 mL of anhydrous toluene.
The solution was degassed with nitrogen under stirring for 15 minutes. 1,1,1,3,5,5,5Heptamethyltrisiloxane (1.1 mL, 0.89 g, 4.0 mmol, 2.3 mmol) and one drop of Karstedt’s
catalyst (2% in xylene, low color) were injected into the solution via syringe. The
solution was kept under 50 °C and the reaction was monitored with TLC (hexanesdichloromethane 3:2). Once the reaction was complete, the product was purified by flash
chromatography with hexanes-dichloromethane 3:2 to 1:1 as the eluent (1.66 g, 1.62

84
mmol, 94%). 1H NMR (400 MHz, CDCl3) δ 8.93 (d, J = 3.9 Hz, 2H), 7.62 (d, J = 5.1 Hz,
2H), 7.28 – 7.25 (m, 2H), 4.05 (t, J = 8.0 Hz, 4H), 1.72 (m, 4H), 1.45 – 1.18 (m, 28H),
0.43 (t, J = 7.9 Hz, 4H), 0.03 (s, 36H), -0.01 (s, 6H).
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C NMR (400 MHz, CDCl3) δ

161.19, 139.85, 135.17, 130.51, 129.67, 128.47, 107.55, 42.11, 33.13, 29.86, 29.48,
29.42, 29.24, 29.17, 26.80, 22.96, 17.52, 1.77, -0.36. MS (ESI, M+H+) for
C48H89N2O6S2Si6: calc’d 1021.4772 found 1021.4778.

3.2.3.4 2-(10-(1,1,1,3,5,5,5-Heptamethyltrisiloxan-3-yl)decyl)-5-(2-hexyldecyl)-3,6di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (Si-C1C6C8-DPP)
Si-C1C6C8-DPP was synthesized following the same procedure of Si-DPP
(58%).1H NMR (400 MHz, CDCl3) δ 8.95 (d, J = 3.9 Hz, 1H), 8.86 (d, J = 3.9 Hz, 1H),
7.60 (m, 2H), 7.24 (m, 2H), 4.04 (t, J = 8.0 Hz, 2H), 3.99 (d, J = 7.7 Hz, 2H), 1.88 (m,
1H), 1.74 (m, 2H), 1.40 (m, 2H), 1.30 – 1.16 (m, 36H), 0.83 (m, 6H), 0.44 (t, J = 8.0 Hz,
2H), 0.08 (s, 18H), -0.01 (s, 3H). 13C NMR (400 MHz, CDCl3) δ 161.55, 161.17, 140.17,
139.89, 135.30, 135.01, 130.45, 130.35, 129.74, 129.67, 128.48, 128.22, 107.91, 107.42,
46.06, 42.12, 37.61, 33.13, 31.77, 31.66, 31.05, 29.87, 29.57, 29.48, 29.42, 29.38, 29.25,
29.18, 26.81, 26.07, 22.97, 22.55, 22.53, 17.52, 14.01, 1.77, -0.35. MS (ESI, M+H+) for
C47H81N2O4S2Si3: calc’d 885.4940 found 885.4937.

3.2.3.5 General Procedure for the Synthesis of the Dibrominated DPP Monomers
The synthesis of C12-DPP-Br2 and C1C6C8-DPP-Br2 followed the same
procedure as C3C10C10-DPP-Br2 (see 2.2.3.3). For TEG-DPP-Br2, C12-TEGDPP-Br2, C1C6C8-TEG-DPP-Br2, Si-DPP-Br2 and Si-C1C6C8-DPP-Br2, DPP
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derivative was dissolved in 50 mL of chloroform and the flask was covered with
aluminum foil. Under nitrogen, the solution was cooled in ice-water bath. Nbromosuccinimide (2 equiv.) was added to the solution in one portion. The
reaction was left overnight and monitored with TLC until the reaction was
complete.
3,6-Bis(5-bromothiophen-2-yl)-2,5-didodecylpyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (C12-DPP-Br2): The product was purified by column
chromatography with hot chloroform as the eluent (39%). 1H NMR (300 MHz,
CDCl3) δ 8.68 (d, J = 3.9 Hz, 2H), 7.24 (d, J = 3.9Hz, 2H), 3.98 (t, J = 7.8 Hz, 4H),
1.71 (m, 4H), 1.36 – 1.25 (m, 36H), 0.88 (t, J = 6.6 Hz, 6H).
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-hexyldecyl)-pyrrolo[3,4c]pyrrole-1,4(2H,5H)-dione (C1C6C8-DPP-Br2): The product was purified by
column chromatography with hexanes-dichloromethane 3:1 to 1:1 as the eluent
(46.4%). 1H NMR (400 MHz, CDCl3) δ 8.61 (d, J = 4.2 Hz, 2H), 7.21 (d, J = 4.2
Hz, 3H), 3.91 (d, J = 7.7 Hz, 4H), 1.87 (m, 2H), 1.25 (m, 48H), 0.85 (m, 12H). 13C
NMR (400 MHz, CDCl3) δ 161.27, 139.29, 135.19, 131.31, 131.05, 118.85,
107.91, 46.22, 37.64, 31.77, 31.65, 31.06, 29.87, 29.54, 29.39, 29.18, 26.04, 22.57,
22.52, 13.99.
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (TEG-DPP-Br2): The product was purified by
column chromatography with dichloromethane: acetone (20:1 to 10:1) as the eluent
(37%). 1H NMR (300 MHz, CDCl3) δ 8.50 (d, J = 4.2 Hz, 2H), 7.21 (d, J = 4.2 Hz, 2H),
4.17 (t, J = 6.0 Hz, 4H), 3.78 (t, J = 6.2 Hz, 4H), 3.64 – 3.46 (m, 20H), 1.19 (t, J = 6.9
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Hz, 6H). 13C NMR (400 MHz, CDCl3) δ 160.99, 139.26, 134.75, 131.25, 130.99, 119.23,
107.81, 70.76, 70.70, 70.50, 69.80, 68.92, 66.62, 42.28, 15.28. MS (ESI, M+H+) for
C30H39Br2N2O8S2: calc’d 777.0509 found 777.0520.
3,6-Bis(5-bromothiophen-2-yl)-2-dodecyl-5-(2-(2-(2-ethoxyethoxy)ethoxy)
ethyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (C12-TEG-DPP-Br2): The product was
purified by the same method of TEG-DPP-Br2 (39%). 1H NMR (300 MHz, CDCl3) δ 8.66
(d, J = 4.2 Hz, 1H), 8.52 (d, J = 4.2 Hz, 1H), 7.24 (d, J = 4.5 Hz, 1H), 7.20 (d, J = 4.2 Hz,
1H), 4.18 (t, J = 6.0 Hz, 2H), 3.97 (t, J = 8.0 Hz, 2H), 3.78 (t, J = 5.8 Hz, 2H), 3.63 –
3.45 (m, 10H), 1.71 (m, 2H), 1.25 (m, 18H), 1.19 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.6 Hz,
3H).
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C NMR (300 MHz, CDCl3) δ 161.00, 160.87, 139.14, 139.02, 135.34, 134.72,

131.55, 131.26, 131.05, 130.90, 119.27, 119.12, 108.16, 107.35, 70.81, 70.71, 70.53,
69.82, 68.98, 66.67, 42.32, 32.00, 30.05, 29.73, 29.66, 29.59, 29.45, 29.29, 26.93, 22.80,
15.28, 14.27. MS (ESI, M+H+) for C34H47Br2N2O5S2: calc’d 785.1288 found 785.1286.
3,6-Bis(5-bromothiophen-2-yl)-2-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-5(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(C1C6C8-TEG-DPP-

Br2): The product was purified by the same method of TEG-DPP-Br2 (29%). 1H
NMR (400 MHz, CDCl3) δ 8.57 (d, J = 4.2 Hz, 1H), 8.52 (d, J = 4.2 Hz, 1H), 7.20
(dd, J = 7.0, 4.2 Hz, 2H), 4.17 (t, J = 6.0 Hz, 2H), 3.90 (d, J = 7.7 Hz, 2H), 3.77 (t,
J = 6.0 Hz, 2H), 3.65 – 3.43 (m, 12H), 1.85 (m, 1H), 1.27 – 1.16 (m, 25H), 0.85 (m,
6H).
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C NMR (400 MHz, CDCl3) δ 161.30, 161.07, 139.48, 139.12, 135.12,

134.79, 131.29, 131.05, 131.00, 119.04, 108.01, 107.72, 70.69, 70.63, 70.44, 69.72,
68.86, 66.52, 46.17, 42.12, 37.66, 31.77, 31.66, 31.01, 29.87, 29.55, 29.40, 29.17,
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26.03, 22.56, 15.05, 14.01. MS (ESI, M+H+) for C38H55Br2N2O5S2: calc’d
841.1914 found 841.1928.
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(10-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3-yl)decyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(Si-DPP-Br2):

The product was purified using hexanes-dichloromethane 1:1 as eluent (24%). 1H
NMR (400 MHz, CDCl3) δ 8.67 (d, J = 4.2 Hz, 2H), 7.22 (d, J = 4.2 Hz, 2H), 3.97
(t, J = 7.9 Hz, 4H), 1.69 (m, 4H), 1.40 – 1.26 (m, 28H), 0.44 (t, J = 7.6 Hz, 4H),
0.08 (s, 36H), -0.01 (s, 6H).
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C NMR (400 MHz, CDCl3) δ 160.89, 138.85,

135.25, 131.52, 131.01, 119.02, 107.67, 42.19, 33.14, 29.88, 29.43, 29.25, 29.13,
26.76, 22.97, 17.53, 1.77, -0.37. MS (ESI, M+H+) for C48H87Br2N2O6S2Si6: calc’d
1177.2982 found 1177.2977.
3,6-bis(5-bromothiophen-2-yl)-2-(10-(1,1,1,3,5,5,5-heptamethyltrisiloxan-3yl)decyl)-5-(2-hexyldecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (Si-C1C6C8-DPPBr2): The product was purified following the same procedure as Si-DPP-Br2 (34%). 1H
NMR (400 MHz, CDCl3) δ 8.69 (d, J = 4.2 Hz, 1H), 8.60 (d, J = 4.2 Hz, 1H), 7.22 (m,
2H), 3.97 (t, J = 8.0 Hz, 2H), 3.91 (d, J = 7.8 Hz, 2H), 1.85 (m, 1H), 1.71 (m, 2H), 1.38 –
1.17 (m, 38H), 0.85 (m, 6H), 0.43 (t, J = 7.6 Hz, 2H), 0.08 (s, 18H), -0.01 (s, 3H).

13

C

NMR (400 MHz, CDCl3) δ 161.26, 160.89, 139.17, 138.95, 135.38, 135.08, 131.55,
131.29, 131.08, 130.99, 119.01, 118.88, 108.02, 107.53, 46.20, 42.20, 37.65, 33.15,
31.78, 31.66, 31.04, 29.86, 29.54, 29.43, 29.39, 29.26, 29.17, 29.13, 26.77, 26.04, 22.98,
22.57, 22.53, 17.53, 14.01, 1.77, -0.36. MS (ESI, M+H+) for C47H79Br2N2O4S2Si3: calc’d
1041.3156 found 1041.3170.
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3.3 Results

3.3.1 Syntheses of the DPP-Based Derivatives with Different Side Chains
The DPP derivatives with different side chains were synthesized from DPP core
and the corresponding alkyl bromide under the presence of base (Figure 3.1). For the
asymmetric derivatives, mixtures of alkyl bromides were used to afford the products. The
siloxane-terminated side chains were generated from the hydrosilylation of the terminal
alkene with 1,1,1,3,5,5,5-heptamethyltrisiloxane catalyzed by the commercially available
Karstedt’s catalyst (Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex). The
dibrominated DPP-monomers were generated from the corresponding derivative and Nbromosuccinimide.

3.3.2 Synthesis of the Matrix Polymers with Different Side Chains
The matrix polymers bearing various side chains were synthesized from Stille
coupling polymerization. Pentamethylene group was chosen as the CBS owing to a good
combination between charge carrier mobility and processability based on the discussion
from the previous chapter. After the polymerization was finished, the mixture was
precipitated into methanol and purified with Soxhlet extractions with acetone, hexanes
and chloroform. The chloroform fraction was concentrated and palladium residual was
further removed with N,N-diethylphenylazothioformamide.15 The products were obtained
by precipitation into methanol followed by vacuum filtration, which was dried under high
vacuum at 60 °C.
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Table 3.1. Physical properties of the CBS polymers with different side chains.

C12-DPP-C5
C1C6C8-DPP-C5
TEG-DPP-C5
C12-TEG-DPP-C5
C1C6C8-TEG-DPP-C5
Si-DPP-C5
Si-C1C6C8-DPP-C5

a)

Mn
(kDa)/PDI a

Td b
°C

Tm c
°C

ΔHfus d
kJ/mol

2.4/1.2
14.0/1.7
2.4/1.2
3.0/1.2
6.3/1.2
15.2/1.3
9.5/ 1.3

406
409
399
401
404
405
411

153
118
149
138
104
168
114

4.3
4.0
2.8
2.8
2.6
10.9
4.7

abs
max
(nm)
e

Solution
587
589, 624
588
588
588
591, 625
590, 625

f

Film
596
597, 655
618
601
605
603
605, 626

Egopt g

Energy levels (eV)

(eV)
1.39
1.42
1.35
1.37
1.41
1.39
1.38

EHOMOh
-−5.21
−4.99
-−5.13
−5.16
−5.19

ELUMO i
-−3.79
−3.64
-−3.72
−3.77
−3.81

Tetrahydrofuran as the eluent at room temperature. b) Decomposition temperature.
c)
Melting temperature. d) Enthalpy of fusion, calculated based on repeating unit. e)
In chloroform solution. f) Drop-casted films on glass substrates, annealed at 120 °C.
opt
abs
g)
Calculated from the onset absorption Eg =1240/onset (nm). h) Obtained from
opt
UPS, uncertainty ±0.05 eV. i) Calculated using the equation ELUMO  EHOMO  Eg .

3.3.3 Photophysical Properties of the Matrix Polymers
The UV-vis-NIR spectra of the polymers in dilute chloroform solutions and as
thin films are shown in Figure 3.2 and are summarized in Table 3.1.
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Figure 3.2. Normalized UV-vis-NIR absorbance spectra of the matrix polymers in dilute
chloroform solutions (top) and as thin films (bottom).
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3.3.4 Thermal Properties of the Monomers and the Matrix polymers
The thermal stability of the polymers was confirmed by TGA. The thermograms
are shown in Figure 3.3 and the results are summarized in Table 3.1.
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Mass %
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0
C12-DPP-C5

C1C6C8-DPP-C5
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Si-DPP-C5
Si-C1C6C8-DPP-C5
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700
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o

Temperature ( C)

Figure 3.3. TGA thermograms of the matrix polymers with different side chains.

Phase transition properties are studied by DSC for both monomers and polymers.
The heating parts of the thermograms are shown in Figure 3.4 and the results for
polymers are summarized in Table 3.1.
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endothermic

endothermic

Figure 3.4. DSC thermograms of the monomers (top) and the matrix polymers (bottom).
Data are normalized based on heats on fusion. Only the heating curves of the
thermograms are presented.
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3.3.5 FET Characterizations
To understand the influence of the side chains on the charge transport properties
of the matrix polymers and the c-SPBs with DPP-C0 as the tie chain polymer, bottomgate bottom-contact FET devices were fabricated and measured. Octadecyltrichlorosilane
(OTS)-modified silicon wafer was used as the gate electrode with gold (Au) source-drain
electrodes pre-patterned by photolithography. For pure polymers, chloroform solutions of
polymers (5 or 10 mg/mL) were spun-cast to generate the thin films. The specific
processing methods for different materials are summarized in Table 3.2. For c-SPB thin
films, matrix polymers were premixed in solution with the tie chain polymer, DPP-C0 (5
wt%), before fabrication. The devices were annealed at 80, 120 °C and 160°C in a
nitrogen-filled glove box for desired durations before being tested in air. Average
mobilities were calculated from more than 20 devices to obtain statistical meaningful
results. The results are summarized in Table 3.2. The output and transfer curves for the
CBS polymers with different side chains are presented in Figure 3.5. The curves for cSPBs are presented in Figure 3.6.
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Table 3.2. FET characteristics of the CBS polymers and their c-SPBs.
Pure Polymers
Polymer
C1C6C8TEG-DPP-C5
Si-C1C6C8DPP-C5
C1C6C8DPP-C5
C12-TEGDPP-C5
C3C10C10DPP-C5
TEG-DPP-C5
C12-DPP-C5
Si-DPP-C5

Annealing
temperature
°C

Before
annealing
μavg
cm2/Vs

c-SPBs with DPP-C0 (5 wt%)

After annealing
μavg
cm2/Vs

μmax
cm2/Vs

Vth
V

Ion/Ioff
3

Before
annealing
μavg
cm2/Vs

μavg
cm2/Vs

μmax
cm2/Vs

Vth
V

Ion/Ioff

4.7E−2

7.6E−2

0.13

−6.7

> 105

After annealing

80

1.9E−4

5.4E−4

1.2E−3

−2.8

> 10

80

6.5E−4

2.5E−3

3.3E−3

−5.2

> 104

0.10

0.21

0.35

−7.4

> 105

80

4.2E−4

2.3E−3

3.2E−3

−7.1

> 104

0.20

0.28

0.36

−13

> 105

120

--

3.1E−4

5.3E−4

−5.5

> 103

--

3.6E−2

5.2E−2

−9

> 104

120

5.4E−4

4.2E−3

6.5E−3

−5.2

> 104

0.30

0.36

0.56

−10

> 105

0.1
−3.9
−6.3

2

1.8E−3
0.09
0.11

4.2E−3
0.17
0.26

5.3E−3
0.20
0.38

−13
−17
−4.9

> 103
> 105
> 105

120
120
160

7.8E−5
6.7E−3
7.3E−4

1.9E−4
1.6E−3
2.8E−3

2.1E−4
2.0E−3
3.4E−3

> 10
> 104
> 104

Figure 3.5. Transfer and output curves of the CBS polymer OFETs.
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Figure 3.6. Transfer and output curves of the c-SPB OFETs with 5 wt% DPP-C0 blended
into the matrix polymers.
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3.3.6 AFM Images
The AFM images of the pure matrix polymers are shown in Figures 3.7 and 3.8.
The images of the c-SPBs with 5 wt% of DPP-C0 are shown in Figures 3.9 and 3.10.

Figure 3.7. AFM images of pure CBS polymer thin films. The films were tested as cast.

Figure 3.8. AFM images of pure CBS polymer thin films. The films were annealed under
the temperatures indicated in Table 3.2.
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Figure 3.9. AFM images of c-SPB thin films with 5 wt% of DPP-C0. The films were
tested as cast.

Figure 3.10. AFM images of c-SPB thin films with 5 wt% of DPP-C0. The films were
tested after annealing under the temperatures specified in Table 3.2.
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3.3.7 X-Ray Measurements
The GIXRD images of the polymers with different side chains are shown in
Figure 3.11.

Figure 3.11. GIXRD images of the CBS polymers with different side chains.
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3.4 Discussion

3.4.1 Synthesis of the DPP Monomers with Different Side Chains
The syntheses of the DPP monomers were achieved based on methods reported in
literature.7, 13, 16-18 DPP core was deprotonated by potassium carbonate in DMF, followed
by the nucleophilic attack to the corresponding alkyl bromide to form the DPP derivatives
with different side chains. For the asymmetric derivatives, an alternative way, in which
the side chains were introduced one by the other in two steps, was attempted. However, it
was rather hard to control the first alkylation reaction, and the highly polar intermediates
were difficult to purify. In addition, the yield of the first step was very low, which led to
even lower yield for the asymmetric derivatives. The DPP derivatives were purified with
silica gel chromatography. For the species without TEG side chains, mixtures of hexanes
and dichloromethane were used. For TEG-containing derivatives, the polarity was much
higher and mixtures of dichloromethane and acetone were used as the eluents.
The solubilities of the DPP derivatives are highly influenced by the side chains.
The species with only alkyl or siloxane-terminated side chain are readily soluble in a
wide range of aprotic organic solvents including dichloromethane and ethyl acetate. As a
comparison, the solubilities of these species are very low in highly polar organic solvents
such as methanol and acetone. On the contrary, the TEG-containing derivatives are highly
soluble in methanol and acetone.
The DPP-based dibrominated monomers were generated from the derivatives with
N-bromosuccinimide. The monomers with alkyl side chains can be obtained with the
same method in Chapter 2.2.3.3, where acetic acid is used as the catalyst. For the
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monomers with TEG and siloxane-terminated side chains, the poor stability of these
groups under acidic conditions forbids the use of acetic acid. As an alternative, the
bromination reactions were carried out without the presence of acetic acid for elongated
time to generate the monomers.

3.4.2 Synthesis of the Matrix Polymers with Different Side Chains
The matrix polymers were synthesized using Stille polymerization, which follows
the same method in Chapter 2. Me3SnThC5ThSnMe3 was used as the CBS monomer
based on the results from Chapter 2 that the c-SPB of DPP-C5 showed the best
combination of charge carrier mobilities and processability. The polymers were purified
with precipitation into methanol and Soxhlet extractions. The unreacted monomers,
catalysts and oligomers were removed from methanol, acetone and hexanes. The
solubilities of the oligomers varied in different solvents. For the TEG-containing
polymers, oligomers were observed to be dissolved in acetone, which was different from
the oligomers with only alkyl side chains that were removed by hexanes. The products
were finally extracted with chloroform.
The molecular weights of the polymers were measured using SEC in THF under
room temperature. The results are summarized in Table 3.1. The MWs measured for C12DPP-C5, C12-TEG-DPP-C5 and TEG-DPP-C5 are smaller than other polymers. It was
observed that during the sample preparation processes, a lot of particles were trapped in
the syringe filters before the analyses of these polymers. Therefore, the low MWs
measured for these polymers were attributed to the lower solubilities in THF. The MW of
all other polymers are around 10 kDa and the PDIs are smaller than 1.7.
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3.4.3 Photophysical Properties of the Matrix Polymers
In chloroform solutions, all matrix polymers show similar dual-band absorbance
spectra with maximum absorbance peaks at 590 and 625 nm, indicating negligible
influence of the side chains to the spectra in solution. These features in chloroform
solutions are similar to the previously reported DPP-based CBS polymers and small
molecules.16 Compared to dilute solutions, all polymers in thin films show broader
absorbance peaks occurring at longer wavelengths, which indicates the presence of Jaggregation of the chromophores. Surprisingly, the degree of bathochromic shifts is
dependent on the side chain of the CBS polymer. For example, the polymers with only
alkyl side chains, namely C1C6C8-DPP-C5, exhibit a smaller red shift of about 10 nm.
As a comparison, the bathochromic shift of TEG-DPP-C5 is 30 nm, which is the largest
among all polymers. Similar behavior for TEG-containing polymers has been previously
observed.6, 19, 20 The extents of the bathochromic shifts of the other polymers are in the
range between the alkyl-substituted and oligoether-substituted species.
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3.4.4 Thermal Properties of the Monomers and the Matrix Polymers
The thermal stability of the polymers was confirmed by TGA. As presented in
Figure 3.3 and Table 3.1, no decomposition is observed until around 400 °C for all
polymers, indicating side chains has little influence on thermal stability of the matrix
polymers.
A strong influence from the side chains to the melting points and heats of fusion is
observed for both monomers and polymers. As for monomers, symmetric side chains lead
to higher melting points and heats of fusion. For example, TEG-DPP-Br2 has the highest
melting point (119 °C) among all monomers. C12-DPP-Br2 exhibits the highest heat of
fusion (85 kJ/mol). For C1C6C8-DPP-Br2 and Si-DPP-Br2, slightly lower melting points
and heats of fusion compared to C12-DPP-Br2 are observed, suggesting weaker
intermolecular interactions as a result of the branched side chains. The asymmetric
monomers, on the other hand, show lower melting points than the corresponding
symmetric derivatives. The melting point (76 °C) and heat of fusion (35 kJ/mol) of
C1C6C8-TEG-DPP-Br2 are both lower than TEG-DPP-Br2 and C1C6C8-DPP-Br2.
Similarly, the melting point of Si-C1C6C8-DPP-Br2 is slightly lower than the symmetric
C1C6C8-DPP-Br2 and Si-DPP-Br2, and the heat of fusion is similar to Si-DPP-Br2.
The trend of thermal behaviors in polymers is generally similar to the monomers.
Polymers with symmetric side chains tend to have lower melting points. For example, SiDPP-C5 exhibits the highest melting point of 168 °C among all polymers, together with a
heat of fusion as high as 10.9 kJ/mol. These high values suggest the strong interactions
and high ordered packing of the polymer molecules owing to the presence of the
siloxane-terminated side chains. C1C6C8-DPP-C5 has a melting point of 118 °C and heat
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of fusion of 4.0 kJ/mol. As a comparison, the melting transition of Si-C1C6C8-DPP-C5
occurs at 114 °C, which is lower than both Si-DPP-C5 and C1C6C8-DPP-C5, and the
heat of fusion (4.7 kJ/mol) is in between the symmetric derivatives. In another series,
C1C6C8-TEG-DPP-C5 exhibits a melting point of 104 °C and heat of fusion of 2.6
kJ/mol. These values are both lower than C1C6C8-DPP-C5 and TEG-DPP-C5 (149 °C,
2.8 kJ/mol) and are both the lowest in the series. The decrease in melting point and heat
of fusion for the polymers with asymmetric side chains compared to the symmetric
analogues proves the feasibility of our design, in which the break of symmetry disrupts
the molecular packing drastically, leading to less energy required to destroy the
intermolecular interactions. The correlation between the thermal behavior of the matrix
polymers and the side chains provides us with a new strategy to design and produce
semiconducting materials with improved processability.

3.4.5 Charge Transport Properties of the Matrix Polymers and the c-SPBs
For all matrix polymers, typical p-channel charge transport behaviors are
observed. Owing to the wide range of melting points of the matrix polymers, the devices
were annealed under different temperatures and measured to optimize the best condition
for each polymer. The results and optimized temperatures are summarized in Table 3.2.
The mobility for each polymer annealed under different temperatures is shown in Table
3.3. Generally speaking, polymers exhibit higher mobilities after annealed at higher
temperatures when the annealing temperatures are lower than the melting points. A
decrease in mobility is observed when the annealing temperature is higher than the
melting point. Take C1C6C8-DPP-C5 (m. p. of 118 °C) as an example, devices annealed
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at 80 °C show higher average mobility (2.3 × 10−3 cm2 V−1 s−1) than ones annealed at
120 °C (1.4 × 10−3 cm2 V−1 s−1). As a comparison, for Si-DPP-C5 (m. p. 168 °C), a
monotonous trend is observed for the average mobility with increasing annealing
temperatures until 160 °C (2.8×10−3 cm2 V−1 s−1), and the mobility from 180 °C (2.0 ×
10−3 cm2 V−1 s−1) is lower than that from 160 °C.

Table 3.3.Charge carrier mobilities of matrix polymers annealed at different temperatures.
The optimal condition for each polymer is highlighted.

Polymer

Tm/°C

Processing
method

Average mobility cm2/Vs
at different annealing temperatures
80 ℃

120 ℃

160 ℃

C1C6C8-TEG-DPP-C5

105

10 mg/mL
1500 rpm

5.4E−4

3.6E−4

Si-C1C6C8- DPP-C5

114

10 mg/mL
1500 rpm

2.5E−3

2.3E−3

C1C6C8-DPP-C5

118

10 mg/mL
1500 r.p.m

2.3E−3

1.4E−3

C12-TEG-DPP-C5

138

10 mg/mL
1500 rpm

1.8E−4

3.1E−4

1.8E−4

TEG-DPP-C5

149

5 mg/mL
1500 rpm

8.6E−5

1.9E−4

1.0E−5

C12-DPP-C5

153

10 mg/mL
2000 rpm

1.3E−3

1.6E−3

7.2E−4

Si-DPP-C5

168

5 mg/mL
1500 rpm

2.1E−3

2.5E−3

2.8E−3

C3C10C10-DPP-C5

131

10 mg/mL
1500 rpm

3.7E−3

4.2E−3

3.6E−3

180 ℃

2.0E−3
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Figure 3.13 Charge carrier mobiliities of seleccted CBS poolymers and their c-SPBss.
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These results provide additional evidences that further validate the c-SPB model
presented in Figure 1.9. For the matrix polymers, interchain transport is the dominating
pathway for charge transport owing to the absence of extended π-conjugation along the
polymer backbone. The addition of the tie chain polymer leads to the formation of an
interconnected network between the crystalline domains and thus largely improved the
charge transport. For TEG-DPP-C5, the poor interaction between the polar TEG side
chains and the nonpolar alkyl side chains of the tie chain polymer leads to poorer
interconnection and less improvement on charge transport of the c-SPBs compared to the
other polymers.

3.4.6 Thin Film Morphology of Polymers with Different Side Chains and the c-SPBs
The morphology of the polymers and the c-SPBs were evaluated using tapping
mode AFM. As is shown in Figures 3.7 to 3.10, the morphologies of the polymers with
different side chains are similar to each other. Considering the fact that CBS polymers
with odd- or even-numbered spacers have clearly different morphologies, side chains
have much less influence to the morphology of the polymers. After annealing, the grain
sizes of both matrix polymers and the c-SPBs become larger and slightly coarsened
domains are observed for most of the samples except for TEG-DPP-C5 and C1C6C8TEG-DPP-C5. For these two polymers, the surfaces of the thin films became softer after
annealing at the specific temperatures. Blending with tie chain polymer barely changed
the surface morphologies, which is similar to the results in Chapter 2.
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3.4.7 GIXRD Results
For all matrix polymers, the π-π stacking peaks appear in the in-plane direction
and the lamellar peaks appear in the out-of-plane direction, suggesting clear edge-on
packing mode. The distances are calculated based on the diffraction peaks and are
summarized in Table 3.4. The π-π stacking distances of all polymers except for C1C6C8DPP-C5 are about 3.7 Å. This result indicates that side chain has minor effect on the π
stacking distances of the matrix polymers. As for C1C6C8-DPP-C5, the π-π stacking
distance is slightly larger (3.78 Å), which is a result of the close branching position of the
side chain to the polymer backbone. The lamellar packing distances of the polymers,
however, vary from 15.1 Å to 28.7 Å. This large range is not surprising because the
lamellar packing peaks are by the lengths of the side chains. For the c-SPBs, both the
lamellar packing and the π-π stacking distances are slightly shorter than the matrix
polymers.
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Table 3.4. Crystallographic parameters for the films of pure polymers and c-SPBs.
Matrix polymers
Polymer

π-π
Q
(Å-1)

C1C6C81.705
TEG-DPP-C5

Blend with C3C10C10-C0 (5 wt%)

π-π
spacing
(Å)

In-plane
FWHM

lamellar
Q
(Å-1)

lamellar
spacing (Å)

Out-of-plane
FWHM

π-π
Q
(Å-1)

π-π
spacing
(Å)

In-plane
FWHM

lamellar
Q
(Å-1)

Lamellar
spacing (Å)

Out-of-plane
FWHM

3.69

0.110

0.319

19.7

0.104

1.706

3.68

0.064

0.347

18.1

0.039

Si-C1C6C8DPP-C5

1.705

3.69

0.081

0.270

23.3

0.059

C1C6C8DPP-C5

1.662

3.78

0.111

0.417

15.1

0.048

1.670

3.76

0.195

0.421

14.9

0.093

TEG-DPP-C5 1.707

3.68

0.130

0.408

15.4

0.072

1.717

3.66

0.123

0.406

15.5

0.080

3.70

0.076

0.219

28.7

0.049

1.710

3.68

0.091

0.224

28.0

0.146

Si-DPP-C5

1.699
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3.5 Conclusions
In summary, a series of matrix polymers containing different side chains are
synthesized and characterized. The phase transition behaviors of the polymers are highly
influenced by the side chains. Generally, polymers with asymmetric side chains exhibits
lower melting points and heats of fusions. In addition, the charge transport properties of
the pure matrix polymers and the c-SPBs are highly dependent on the side chains of the
matrix polymer, as well. While polymers with alkyl or siloxane-terminated side chains
show similar hole mobilities, the mobilities of polymers with triethylene glycol side
chains are lower than their alkyl congeners by one or two orders of magnitudes. The
mobilities of c-SPBs with 5 wt% of the tie chain polymer, C3C10C10-DPP-C0, are two
orders of magnitude higher than the pure matrix polymers, except for TEG-DPP-C5
which only shows one order of magnitude increase. This result proves that the efficient
interaction between the matrix and the tie chain polymer is important to build the
interconnections within c-SPBs, which is responsible for the efficient charge transport.
This work not only provide more insight into the charge transport of
semiconducting polymers and c-SPBs, but also shows the potential of asymmetric
structures to achieve lower melting points, which brings about more potential for meltprocessing methods. Our group is currently exploiting the low melting points of these
polymers to build devices with outstanding melt processabilities.
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CHAPTER 4. THE INFLUENCE OF MOLECULAR WEIGHTS OF THE TIE CHAIN
POLYMER

4.1 Introduction

4.1.1 Influence of Molecular Weights on Charge Transport of Semiconducting Polymers
Molecular weight (MW) shows great impact on the microstructure and charge
transport of semiconducting polymers. For example, Kline et al. studied the charge
carrier mobilities of regioregular poly(3-hexylthiophene) (rr-P3HT) with different
molecular weights. Charge carrier mobility showed a monotonous ascending trend with
respect to the number average molecular weight (Mn) up to 36.5 kDa. They attributed this
trend to the improved connectivity between crystalline domains for polymers with higher
MWs.1 Chang et al. expanded the Mn range of rr-P3HT to 270 kDa and observed that
beyond 50 kDa, the charge carrier mobility became less sensitive to MW.2 Gasperini et
al. reported the hole mobilities of poly(2,5-bis(3-dodecylthiophen-2-yl)thieno[3,2b]thiophene) (PBTTT) with Mn range from 5.8 to 151 kDa. With increasing MW, the hole
mobility first exhibited an sharp growth between 5 and 30 kDa, then reached the highest
values between 30 to 50 kDa. Beyond 50 kDa, the hole mobility decreased with
increasing MW, which was attributed to polymer chain entanglement that leads to
different morphology and reduced side-chain crystallinity.3 More recently, Gasperini et
al. explored the effect of MW on the charge carrier mobilities of two donor-acceptor
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(D-A) polymers. Similar to rr-P3HT, the hole mobility witnessed a sharp increasing in
the low MW region (Mn from 9 to 80 kDa) and remained constant beyond 80 kDa.4

4.1.2 Project Motivation
In this chapter, we focus on the influence of the MWs of the tie chain polymer on
the charge transport properties of the c-SPBs. DPP-TT (Figure 4.1) with different MWs
were separated and used as the tie chain polymer. Based on the c-SPB model presented in
Figure 1.9, tie chain polymer promotes long range charge transport by forming
interconnections between the crystalline domains of the matrix polymer. Thus, the MW
of the tie chain polymer, which determines the lengths of the polymer molecules, is
expected to have a significant effect on the charge transport of c-SPB. The structure and
syntheses of the tie chain polymer (DPP-TT) and the matrix polymer (DPP-C5) to be
used in this chapter are summarized in Figure 4.1.

Figure 4.1. Structures and syntheses of DPP-TT and DPP-C5.
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4.2 Experimental

4.2.1 Materials
All reagents were purchased from Sigma Aldrich and used without further
purification. Thieno[3,2-b]thiophene was purchased from Combi-Blocks and used
without further purification. DPP-C5 was synthesized following the same procedures
from Chapter 2.

4.2.2 Methods
GPC was performed in tetrahydrofuran at room temperature using a TOSOH
Bioscience EcoSEC GPC System. The results were calculated based on the calibration
curve generated from polystyrene standards.

4.2.3 Synthesis

4.2.3.1 Synthesis of 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (Me3SnTTSnMe3)5
Thieno[3,2-b]thiophene (2.01 g, 14.3 mmol) was dissolved in 100 mL of
anhydrous tetrahydrofuran in an oven-dried round bottom flask. The solution was cooled
to −40 °C in a dry-ice-isopropanol bath, followed by the dropwise addition of nbutyllithium (18.8 mL, 30.1 mmol, 1.6 M in hexane) via syringe. The mixture was stirred
in the bath for 30 min and warmed to room temperature and stirred for another 30 min.
The mixture was cooled in the bath again and trimethyltin chloride (31.5 mL, 31.5 mmol,
1.0 M in hexane) was added dropwise. The mixture was stirred in the bath for 30 min and
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under room temperature overnight. Water (150 mL) was added to the mixture and the
aqueous phase was extracted with ethyl acetate (3 × 50 mL). The combined organic
layers were washed with brine and dried with MgSO4. Solvents were removed in vacuo
and the crude product was purified with a Japan Analytical Instruments LaboACE LC5060 Recycling Preparative Chromatography system equipped with a JAIGEL 2.5HR and
a JAIGEL 2HR Polymeric HPLC GPC columns in series with chloroform as eluent.
Recrystallization in ethanol gives white needle crystals as final product (1.96 g, 29.3%).
1

H NMR (400 MHz, Acetone-d6) δ 7.36 (s, 2H), 0.38 (s, 18H).

13

C NMR (400 MHz,

Acetone-d6) δ 148.32, 142.19, 127.00, -8.39.

4.2.3.2 Preparation of DPP-TT
3,6-bis(5-bromothiophen-2-yl)-2,5-bis(4-decyltetradecyl)pyrrolo[3,4-c]pyrrole1,4(2H,5H)-dione (300.0 mg, 265.2 mmol), Me3SnTTSnMe3 (123.5 mg, 265.2 mmol),
tris(o-tolyl)phosphine (3 mg) and tris(dibenzylideneacetone)dipalladium(0) (6 mg) were
dissolved in 20 mL of toluene in a 50 mL Schlenk tube. The solution was purged with
nitrogen for 15 minutes and was heated at 120 °C for 24 h. The polymer was collected by
precipitation into methanol. The product was dissolved in 50 mL of chloroform and
palladium was removed with 30 mg of N,N-diethylphenylazothioformamide at 50 °C for
30 minutes. The solution was precipitated into methanol and the solid was dried under
60 °C over high vacuum.
Samples with different molecular weights were obtained using a Japan Analytical
Instruments LaboACE LC-5060 Recycling Preparative Chromatography system equipped
with a JAIGEL 2.5HR and JAIGEL 2HR Polymeric HPLC GPC columns in series.
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Polymer was dissolved in chloroform and separated with chloroform as the mobile phase
under the flow speed of 10.0 mL/min. In the first run, the product was divided into two
fractions based on their retention time to avoid early overlapping during the recycling.
Each fractions were then separated using the same method. Samples were allowed to be
recycled for five cycles before collection. The polymer solutions were concentrated and
precipitated into methanol. Solids were collected from filtration and dried under high
vacuum under 60 °C.
4.3 Results

4.3.1 DPP-TT as Tie Chain Polymer
The relationship between hole mobility and the weight percentage of DPP-TT (as
purified, not fractioned) in the blends with DPP-C5 is presented in Figure 4.2.

Hole Mobility (cm2/Vs)

100

10-1

10-2

10-3

10-4

0

20

40

60

80

100

Weight % of DPP-TT in DPP-TT/DPP-C5 blend

Figure 4.2. Hole mobility as a function of wt% of DPP-TT (not fractioned) in the c-SPBs
with DPP-C5.
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4.3.2 Molecular Weights of DPP-TT Samples
Five fractions were obtained from the preparative GPC system. The MWs of the
fractions were measured using GPC with tetrahydrofuran (THF) at 40 °C or with
trichlorobenzene (TCB) at 160 °C. The results are summarized in Table 4.1. The GPC
curves in THF are shown in Figure 4.3.

Table 4.1. Molecular weights and photophysical properties of DPP-TT with different
molecular weights.

a)

DPP-TT-1
DPP-TT-2
DPP-TT-3
DPP-TT-4
DPP-TT-5

abs
Mn(kDa,THF) Mn(kDa, TCB)
max
a
c
/PDI
/PDI
Solution d
11.8/1.3
8.2/1.3
733
26.7/1.5
13.9/1.7
800
44.7/1.7
18.5/1.6
809
91.5/2.0
22.1/2.0
815
b
-26.4/4.5
814

(nm)
Film e

727, 803
741, 821
748, 821
748, 821
753, 815

THF as the eluent at 40 °C. b) Not soluble in THF. c) TCB as the eluent at 160 °C.
solution. e) Drop-casted films on glass substrates, annealed at 120 °C.

d)

In chloroform

4.3.3 Photophysical Properties of DPP-TT with Different Molecular Weights
The photophysical properties of DPP-TT samples with different MWs in dilute
solutions and as thin films were evaluated using UV-Vis-NIR spectroscopy. The results
are summarized in Table 4.1 and the spectra are shown in Figure 4.3.
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Figure 4.3. (a) GPC curves of DPP-TT samples. (b) UV-Vis-NIR spectra of DPP-TT with
different MWs in dilute chloroform solutions. (c) UV-Vis-NIR spectra of DPP-TT with
different MWs as thin films.
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4.3.4 FET Characterizations
The influences of MW on the charge transport properties of DPP-TT and the cSPBs were evaluated with FET measurements with bottom-gate bottom-contact
configuration. The charge carrier mobilities of the polymers are summarized in Table 4.2.

Table 4.2. OFET characteristics of DPP-TT with different MWs and their corresponding
c-SPBs.
Mn (kDa,
THF)
11.8
26.7
44.7
91.5
High MW

μavg
cm2/Vs
0.48
1.29
2.11
1.99
1.50

Pure DPP-TT
Vth
V
8.5
8.6
6.7
7.5
6.2

Ion/Ioff
105
105−106
105−106
105−106
105−106

c-SPB with DPP-C5 (95 wt%)
μavg
Vth
Ion/Ioff
cm2/Vs
V
0.055
10.2
106
0.26
9.4
106−107
0.32
10.3
107
0.34
10.6
107
0.52
9.8
107

4.3.5 AFM Images
The morphologies of the DPP-TT samples with different MWs together with their
c-SPBs with 95 wt% of DPP-C5 are evaluated using tapping mode AFM. The AFM
images are shown in Figure 4.4.
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Figu
ure 4.4. AFM im
mages of DPP-T
TT with differentt MWs (top) and
d their c-SPBs w ith 95 wt% of DPP-C5 (bottom
m).
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4.4 Discussion

4.4.1 DPP-TT as Tie Chain Polymer
In the previous chapters, DPP-C0 was used as the tie chain polymer (Figure 1.9).
In the beginning, we attempted to use the same polymer for this MW study. However,
owing to its poor solubility in chloroform, DPP-C0 cannot be fractioned using the prepGPC system. As an alternative, we attempted to use DPP-TT, which has the same
backbone symmetry and better solubility than DPP-C0, as the tie chain polymer in this
chapter. In order to validate the capacity of DPP-TT to be used as tie chain polymer, the
relationship between hole mobility and the weight percentage of DPP-TT (as purified, not
fractioned) in the blends with DPP-C5 was measured and the result is presented in Figure
4.2. According to the result, the addition of only 5% of DPP-TT into DPP-C5 led to
improvement in hole mobility for two orders of magnitude. This result is similar to DPPC0 and DPP-TT is confirmed to be a suitable tie chain polymer.

4.4.2 Preparation of DPP-TT with Different Molecular Weights
DPP-TT was synthesized using Stille polymerization. In order to achieve high
MW for DPP-TT, Me3SnTTSnMe3 was purified using preparative HPLC system to afford
white crystals. The purity of the monomer was confirmed by 1H NMR. DPP-TT samples
with various MWs were obtained by fractioning the polymer through preparative HPLC
system equipped with GPC columns. The polymer samples were characterized by 1HNMR and the spectra are shown in Figure 4.5. The peaks of polymers with higher MWs
are broader compared to polymers with lower MWs.
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Figure 4.5. NMR spectra of DPP-TT with different molecular weights.

All polymer samples except for the one with the highest MW showed decent
solubility in THF. According to the GPC results from THF, all samples had polydispersity
indexes (PDIs) lower than 2, indicating good separation of fractions with different MWs.
The Mn of the polymers ranges from 11.8 kDa to 91.5 kDa. An increase in PDI was
observed with larger Mn, indicating the formation of more aggregates with larger MWs.
In order to evaluate the MW of the sample with the highest MW and to make a
legitimate comparison with other samples, high temperature GPC of all samples were
carried out using trichlorobenzene (TCB) as the eluent at 160 °C. The results are
summarized in Table 4.1. The MW values from TCB are significantly lower than those
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from THF, whereas the PDIs were similar. With increasing MW, the difference between
the two methods also increases. For example, the Mn of DPP-TT-1 measured from THF
was 11.8 kDa and the value from TCB was 8.2 kDa. As a comparison, for DPP-TT-4,
MW from THF was 91.5 kDa, which was more than four times higher than the value
obtained from TCB (22.1 kDa). Based on exponential fit between the two methods, the
Mn of DPP-TT-5 from THF is estimated as 156.0 kDa.
As an indirect method to measure the MWs, GPC evaluate MWs based on the
hydrodynamic volumes of the polymer molecules. However, the behavior of different
polymers in certain solvents may differ significantly from each other, which leads to
systematic errors in GPC measurements. Some studies using matrix-assisted-laserdesorption-ionization (MALDI) mass spectroscopy6 or ebulliometry7 have shown that
such error may cause an overestimation as large as 2.3 times, and is more significant in
the large MW region. Nevertheless, the comparison between the polymers samples is
useful and the MWs from THF are to be used in the following discussions.
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4.4.3 Charge Transport Properties of DPP-TT with Different Molecular Weights and the
Corresponding c-SPBs
The relationship between the Mn of DPP-TT and the charge carrier mobilities of
DPP-TT and c-SPBs with 5 wt% of DPP-TT and 95 wt% of DPP-C5 is shown in Figure
4.6.

0.5

1

0.1

0.5

0.05

0

20

40

60

80

100

120

140

c-SPBs OFETs mobility (cm2/Vs)

Pure polymer OFET mobility (cm2/Vs)

1

160

Molecular weight (KDa)

Figure 4.6. Charge carrier mobilities of DPP-TT (black line) and the c-SPBs with 95 wt%
of DPP-C5 as a function of Mn of DPP-TT. The Mn of DPP-TT is estimated as 156 kDa to
show the trend.

For the pure DPP-TT, the sample with the lowest MW (Mn = 11.8 kDa) gives the
lowest charge carrier mobility (~ 0.48 cm2 V−1 s−1). With increasing MW, charge carrier
mobilities also increases and reaches the maximum value (~2 cm2 V−1 s−1) when Mn is
between 44.7 and 91.5 KDa. When further increasing the MW, mobility drops to 1.5 cm2
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V−1 s−1 for the sample with the highest MW. For c-SPBs with 5 wt% of DPP-TT and 95
wt% of DPP-C5, however, a monotonous trend is observed. The c-SPB with the 11.8 kDa
sample also exhibits the lowest hole mobility of this series (0.055 cm2 V−1 s−1). With
increasing MW, the mobility of the c-SPBs increases. The hole mobility of c-SPB with
91.8 kDa DPP-TT is 0.34 cm2 V−1 s−1. Specifically, the value for the higher MW sample
(0.52 cm2 V−1 s−1) is even higher than 91.8 kDa.
The trend of charge carrier mobilities of DPP-TTs versus the MWs agrees well
with literature.4 Although longer polymer chains allow fast intra-chain charge transport in
a longer distance, the rather poor crystallinity of polymers with MWs that are too high
leads to more interrupted inter-chain charge transport, resulting in lower charge carrier
mobilities. On the other hand, the relationship for c-SPBs consolidates the c-SPB model.
As is discussed in Section 4.1.2, according to the model, efficient charge transport in
longer ranges is achieved by the interconnection formed by the tie chain polymer. As a
result, tie chain polymers with larger MWs, which has higher degree of polymerization
and longer molecules, leads to c-SPBs with better charge transport properties.
Meanwhile, the MW of the tie chain polymer has negligible influence on the morphology
of c-SPBs owing to a low concentration, which is previously discussed in Chapter 2.
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4.5 Conclusions
In summary, the relationship between MW and physical properties of DPP-TT
and the c-SPBs with 95 wt% of DPP-C5 has been studied. For pure DPP-TT, with
increasing MW, the charge carrier mobility first witness a sharp growth, reached a
saturation region, and then decreased with very high MW. This relationship is similar to
other semiconducting polymers previously reported. As for the c-SPBs, a monotonous
increasing trend is observed. This result consolidates the model of c-SPBs by providing
evidences that tie chain polymer is responsible for long range charge transport within the
c-SPBs. In addition, the result also points out that tie chain polymer with high molecular
weight is favorable to achieve high charge carrier mobilities. Considering that the fully
conjugated tie chain polymers are typically synthesized with metal catalyzed cross
coupling reactions, which is hard to control the MWs and PDIs, new synthetic methods
that allows for better control of the MW and PDI of the fully-conjugated polymers is also
in required.
It is not with regret that the MW-related study is currently limited on the tie chain
polymer. As is discussed in Section 2.4.2, matrix polymers can only be obtained with
comparatively small MWs and small PDIs, which forbid us from obtaining samples in a
larger MW range to conduct meaningful studies. It is necessary to attempt different
synthetic methods for these matrix polymers to obtain samples with different MWs in a
large range in the future.

129
4.4 References
[1]
R. J. Kline; M. D. McGehee; E. N. Kadnikova; J. Liu; J. M. J. Frechet. Advanced
Materials 15, 1519 (2003).
[2]
J.-F. Chang; J. Clark; N. Zhao; H. Sirringhaus; D. W. Breiby; J. W. Andreasen; M.
M. Nielsen; M. Giles; M. Heeney; I. McCulloch. Physical Review B 74, 115318 (2006).
[3]

A. Gasperini; K. Sivula. Macromolecules 46, 9349 (2013).

[4]
A. Gasperini; X. A. Jeanbourquin; K. Sivula. Journal of Polymer Science Part B:
Polymer Physics 54, 2245 (2016).
[5]

G. Zhang; Y. Fu; Z. Xie; Q. Zhang. Macromolecules 44, 1414 (2011).

[6]

J. Liu; R. S. Loewe; R. D. McCullough. Macromolecules 32, 5777 (1999).

[7]
S. Holdcroft. Journal of Polymer Science Part B-Polymer Physics 29, 1585
(1991).

VITA

130

VITA

Xikang Zhao was born in Handan, Hebei Province, People’s Republic of China on
May 9, 1990 to Yapu Zhao and Pengduan Kong. He lived in Handan until the age of 4
when he moved to Beijing and grew up there. Xikang Zhao attended Beijing Bayi High
School in 2005 and graduated in 2008. In September 2008, he began his college course
work at Peking University in Beijing. He majored in Chemistry and received his Bachelor
of Science in July 2012. Upon graduation from Peking University, Xikang began
graduate school at Purdue University in West Lafayette, Indiana, United States. In the fall
of 2014 he joined the research group of Dr. Jianguo Mei where he synthesized polymers
for complementary semiconducting polymer blends and studied the correlation between
the molecular structures of the polymers and the properties of the materials. Xikang Zhao
received his Doctor of Philosophy in December 2016 in Inorganic Chemistry.

PUBLICATION

131

Article
pubs.acs.org/Macromolecules

Complementary Semiconducting Polymer Blends: The Inﬂuence of
Conjugation-Break Spacer Length in Matrix Polymers
Xikang Zhao,† Yan Zhao,† Qu Ge,§ Kamal Butrouna,∥ Ying Diao,§ Kenneth R. Graham,∥
and Jianguo Mei*,†,‡
†

Department of Chemistry and ‡Birck Nanotechnology Center, Purdue University, West Lafayette, Indiana 47907, United States
Department of Chemical & Biomolecular Engineering, University of Illinois at Urbana−Champaign, Urbana, Illinois 61801, United
States
∥
Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506, United States
§

S Supporting Information
*

ABSTRACT: The concept of complementary semiconducting polymer blends (c-SPBs) for eﬃcient charge transport was
recently proposed and established by our group. In this study, we aim to reveal the inﬂuence of the length of conjugation-break
spacers (CBSs) on charge transport properties of the matrix polymers and their corresponding complementary polymer blends.
A series of 11 DPP-based semiconducting polymers DPP-Cm (m = 2−12) that incorporate CBSs of 2−12 methylene units along
the polymer backbones were prepared and characterized. The UV−vis spectra and the ultraviolet photoelectron spectroscopy
(UPS) measurements show that the CBS length has marginal inﬂuence on the polymer absorption spectra, energy levels, and
band gaps. It also has little impact on polymer decomposition temperatures. However, the CBS length has a profound inﬂuence
on polymer phase transition and the heat of fusion. As for the melt transitions, an odd−even eﬀect is observed from DPP-C2 to
DPP-C7, in which polymers with even-numbered CBSs show higher melting points than their adjacent odd-numbered
derivatives. The trend is opposite for heat of fusion. The polymers with odd-numbered CBSs exhibit larger heat of fusion,
indicating higher ordering and crystallinity. The odd−even eﬀect is also found in surface morphologies of the polymers by atomic
force microscopy (AFM). The polymers with the even CBSs have a more interconnected feature that appear more ﬁbrillar than
the polymers with the odd linkages. As far as charge carrier mobility is concerned, the average number drops from 0.023 cm2 V−1
s−1 to 7.9 × 10−6 cm2 V−1 s−1 as the CBS moves from C2 to C12. It is intriguing to observe that even-numbered polymers
outperform the adjacent odd-numbered polymers, despite the fact that the latter show higher ordering and crystallinity in thin
ﬁlms. When these polymers are mixed with fully conjugated DPP-C0 (2 wt %, designated as tie chain polymer), the obtained cSPBs witness a dramatic increase (2−4 orders of magnitude) in charge carrier mobility. Interestingly, the odd−even eﬀect is not
found for charge transport in the c-SPBs. This work reveals that the length of CBSs plays a signiﬁcant role in charge transport
properties of the matrix polymers and reconﬁrms that eﬃcient charge transport properties of the c-SPB result from the
interactions between matrix polymers and tie chain polymers. This begins to provide guidelines as to what spacer lengths may be
utilized to oﬀer the best balance between processing and charge transport properties.

■

even more than 10 cm2 V−1 s−1 in many cases, are now being
reported for polymeric semiconductors.10−12 Considering that
the ﬁrst solution-processed conjugated polymers, regiorandom
polythiophenes, only gave charge carrier mobilities of 10−5 cm2
V−1 s−1,13 these latest achievements are truly encouraging and

INTRODUCTION

With their technological relevance in ﬂexible, soft, stretchable,
implantable, and printed electronic devices, semiconducting
polymers have attracted tremendous interest from a wide range
of disciplines.1−5 One of the major eﬀorts across disciplinary
boundaries is to understand and improve charge transport
properties of organic semiconductors, as eﬃcient charge
transport is crucial to all electronic devices.6−9 Resulting from
these eﬀorts, charge carrier mobilities over 1 cm2 V−1 s−1, and
© 2016 American Chemical Society
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Scheme 1. Synthetic Routes for the Monomers and Polymers (DPP-Cm, m = 2−12)

concern but also diminishes the value of solution processing
and increases the manufacturing cost.
With these questions in mind, our group has recently
introduced complementary semiconducting polymer blends.21
The demonstrated blend is composed of a matrix polymer
(DPP-C3) and a tie chain polymer (DPP-C0). The DPP-C3
contains a propylene conjugation-break spacer (CBS) along the
polymer backbone. As a result, intrachain charge transport is
halted. On the other hand, the matrix polymer DPP-C3
presents higher crystallinity and much enhanced solubility,
together with a much lower melting transition that potentially
endows melt-processability. The tie chain polymer DPP-C0 is a
fully conjugated polymer, which is responsible for connecting
the π-aggregates of the matrix polymer in the blend. We
recently have showed that the incorporation of only 1 wt % of
tie chain polymer DPP-C0 in a DPP-C3 matrix led to 2 orders
of magnitude improvement in charge carrier mobility. Through
a combination of various morphological and electrical
characterizations, we established the concept of complementary
semiconducting polymer blends (c-SPB) for eﬃcient charge
transport.
In this study, we aim to uncover the inﬂuence of conjugationbreak spacer length. In this aspect, we prepared and
characterized a set of 11 matrix polymers (DPP-Cm, m = 2−
12) with the CBS varying from 2 to 12 methylene groups and
studied the charge transport properties of their c-SPBs with a
fully conjugated tie chain polymer (DPP-C0, 2 wt %). This
work reveals that the length of the CBS plays a signiﬁcant role
in determining both morphological and electrical properties of
the polymers. An odd−even eﬀect is observed, which aﬀects the
morphologies and charge transport properties of the polymer
thin ﬁlms. This systematic investigation reconﬁrms that eﬃcient
charge transport properties of complementary blends indeed
result from the interactions between matrix polymers and tie
chain polymers and begins to provide guidelines as to which
spacer lengths may be utilized to oﬀer the best balance between
processing and charge transport properties.

exciting. The puzzling fact is that these high-mobility donor−
acceptor (D−A) type polymers exhibit relatively poor
crystallinity, as revealed by X-ray diﬀraction, while most
theories suggest that high crystallinity and long-range ordering
are required for eﬃcient charge transport in polymer thin
ﬁlms.14−16 These theories drove the development of a series of
highly crystalline polythiophenes with higher charge-carrier
mobilities, such as the most widely known regioregular poly(3hexylthiophene) (rr-P3HT)1 and poly(2,5-bis(3-hexadecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT).17 A rising
eﬀort is now devoted to the reconciliation of this conﬂict
between solid-state order and charge-carrier mobility. For
instance, it has been recently proposed that charge transport in
high-mobility semiconducting polymers is quasi-one-dimensional (1D),18 predominantly occurring along the backbone.
This requires only occasional intermolecular hopping through
short π-stacking bridges. Hence, a planar, torsion-free polymer
backbone with a low degree of energetic disorder is crucial for
high charge carrier mobilities in highly disordered D−A
polymers.19 In addition, Salleo and co-workers proposed a
uniﬁed model (tie-chain model) of how charge carriers travel in
polymer thin ﬁlms.15 They argued that the limiting step for
charge transport is trapping, caused by lattice disorder, and that
short-range intermolecular aggregation is suﬃcient for eﬃcient
long-range charge transport. In this model, it is intrachain
charge transport between aggregated regions that enables these
high mobilities. This tie chain model reconciles well with
experimental results that polymers having weak and broad Xray diﬀraction peaks, but nonetheless still possessing local
order, can have relatively high mobilities. With these prior
investigations, there are a few questions that remain
unanswered. For example, is there a platform that can decouple
intrachain and interchain charge transport? Is there a way to
control the order and density of π-aggregates in the polymer
thin ﬁlms? Can one achieve both local and long-range order for
D−A polymer thin ﬁlms, and how would it impact charge
transport? Along with the development of high mobility
polymers, an accompanied problem has also emerged, that is,
the relatively poor solubilities of these polymers in common
organic solvents, which is considered to be a leading factor for
batch-to-batch variations in material synthesis, puriﬁcation, and
device fabrication.20 In addition, the processing media is often
limited to high boiling point, carcinogenic and chlorinated
aromatic solvents. This fact not only imposes an environmental

■

RESULTS AND DISCUSSION
Monomer and Polymer Synthesis. The synthetic routes
for the CBS monomers and the diketopyrrolopyrrole (DPP)based polymers are summarized in Scheme 1. Similar to
previous studies,22−24 the linear alkyl chains were selected as
the conjugation-break spacers. For the monomers with three or
2602
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Table 1. Physical Properties of the CBS Polymers
λabs
max (nm)
Mn (kDa)/PDI
DPP-C0
DPP-C2
DPP-C3
DPP-C4
DPP-C5
DPP-C6
DPP-C7
DPP-C8
DPP-C9
DPP-C10
DPP-C11
DPP-C12

a

30.7/3.61b
6.6/1.2 (8.74/2.1)b
9.4/1.3 (13.3/1.8)b
7.60/1.2 (12.2/2.2)b
12.9/1.3 (14.9/2.0)b
8.2/1.3
12.3/1.4
10.3/1.3
13.9/1.4
15.4/1.3
17.2/1.5
14.5/1.4

Tdc

(°C)

400
404
394
394
393
401
396
397
404
390
406
405

d

Tm (°C)
221
162
166
138
153
114
114
110
105
98
94

Tce

(°C)

ΔHfusf

189
117
123
93
117
89
71
86
75
77
71

(J/g)

3.4
5.1
4.8
7.3
4.9
8.6
6.4
9.6
7.4
9.1
9.7

solutiong
740,
591,
595,
597,
594,
591,
590,
594,
590,
589,
589,
589,

811
633
639
630
631
632
630
627
629
629
628
628

energy levels (eV)

ﬁlmh
725,
596,
601,
606,
605,
606,
603,
603,
601,
603,
599,
600,

789
647
650
645
654
655
652
654
652
649
651
651

i
Eopt
(eV)
g

EHOMOj

ELUMOk

1.32
1.40
1.40
1.39
1.41
1.40
1.40
1.42
1.39
1.39
1.42
1.40

−4.97
−5.19
−5.17
−5.19
−5.14
−5.13
−5.17
−5.16
−5.19
−5.12
−5.11
−5.15

−3.65
−3.79
−3.77
−3.78
−3.75
−3.73
−3.77
−3.74
−3.78
−3.73
−3.69
−3.75

Tetrahydrofuran as the eluent at room temperature. bTrichlorobenzene as the eluent at 180 °C. cDecomposition temperature. dMelting
temperature. eCrystallization temperature. fEnthalpy of fusion. gIn chloroform solution. hSpin-coated ﬁlms on glass substrates, annealed at 120 °C.
i
j
k
abs
Calculated from the onset absorption Eopt
g = 1240/λonset (nm). Obtained from UPS, uncertainty ±0.05 eV. Calculated using the equation ELUMO =
EHOMO + Eopt
g .
a

kDa with small polydispersities of 1.2−1.5 when THF is used as
the eluent under room temperature. We observed that the
molecular weights increase with the length of the CBSs. We
suspected that this trend could be a result of solubility
diﬀerence because polymers with short CBSs clearly exhibit
lower solubilities in THF solutions. In other words, the GPC
data only reﬂect the low molecular weights fractions of the
relatively poorly soluble polymers, and high molecular weight
portions are ﬁltered out.27 To conﬁrm, we managed to carry
out GPC measurements with trichlorobenzene at 180 °C at
which all the polymers are fully dissolved and no polymers are
ﬁltered out. The results are highlighted in parentheses as shown
in Table 1. For polymers measured under high temperature, an
increase in both molecular weight and polydispersity is
observed. From the high temperature GPC measurements, it
conﬁrms that all prepared polymers have comparable molecular
weights and polydispersities.
Optical and Thermal Properties. The optical properties
of these polymers were evaluated from UV−vis measurements
and are summarized in Table 1. The solution and solid-state
UV−vis spectra are exhibited in Figures S3 and S4. In
chloroform solutions, the polymers exhibit a structured
absorbing band with absorption maximum near 630 and 590
nm, which is attributed to the well-deﬁned chromophore along
the polymer backbone. This is diﬀerent from their fully
conjugated polymer (DPP-C0), which presents a broad and
featureless absorption band. In thin ﬁlms, a bathochromic shift
about 20 nm is observed for all polymers. A broad absorption at
around 800 nm implies the formation of π-aggregates in the
thin ﬁlms.25 The absorption spectra of c-SPB ﬁlms (2 wt %
DPP-C0 blended with the CBS polymers) are also measured
and presented in Figure S5. Compared to the pure polymer
ﬁlms, no signiﬁcant change is observed. The energy levels of the
polymers, as measured by ultraviolet photoelectron spectroscopy (UPS), are summarized in Table 1, and representative
spectra are shown in Figure S6. All polymers with a CBS have
HOMO levels of −5.15 ± 0.04 eV, which is within the ±0.05
eV uncertainty associated with the measurement.
Thermal stability of the polymers was studied by thermal
gravimetric analysis (TGA), and the results are summarized in
Table 1 and Figure S7. All polymers show good thermal
stability, and no decomposition is observed until around 400

more methylene units, we followed the same synthetic protocol
as previously revealed.25 Thiophene end-capped alkyl compounds (ThCmTh, m = 3−12) were prepared by the lithiation
of thiophene at cryogenic temperature, followed by the addition
of dibromoalkanes. The bis-stannylation ThCmTh gave the
resulting monomers Me3SnThCmThSnMe3, which appear to be
white solids or colorless liquids. For the C2 derivative, bis(5trimethylstannylthiophen-2-yl)ethane, however, the same protocol failed to provide 1,2-dithienylethane (ThC2Th) during
the ﬁrst step because of the undesired elimination reaction. As
an alternative, the Huang−Minlon modiﬁcation of the Wolﬀ−
Kishner reduction of 2,2′-thenil was performed, yielding 1,2dithienylethane (ThC2Th) quantitatively.26 Subsequently,
ThC2Th was stannylated with butyllithium and trimethylstannyl chloride to give 1,2-bis(5-(trimethylstannyl)thiophen-2yl)ethane (Me3SnThC2ThSnMe3) in an excellent yield. For the
monomers (Me3SnThCmThSnMe3) bearing even-numbered
methylene units, colorless crystals were obtained as pure
products. For the odd-numbered compounds, white solids were
obtained with short (m = 3) or long (m = 11) spacers. The
monomers with moderate length (m = 5, 7, and 9) were
obtained as colorless liquids. These diﬀerent melting behaviors
of the monomers are a result of competition between π−π
interactions of the thiophene rings and the van der Waals
interactions between the alkylene chains. The structure of the
monomers was conﬁrmed by 1H NMR, 13C NMR, and HR-MS.
Matrix polymers (DPP-Cm) were prepared by Stille
polymerization with the aid of microwave irradiation. The
synthetic details can be found in the Experimental Section. The
obtained polymers were puriﬁed by Soxhlet extraction with
acetone, hexane, and chloroform. The chloroform fraction was
precipitated into methanol. The solids were collected by
vacuum ﬁltration and dried at 60 °C under high vacuum. The
polymers were characterized by 1H NMR, gel permeation
chromatography (GPC), thermal gravimetric analysis (TGA),
diﬀerential scanning calorimetry (DSC), UV−vis spectroscopy,
and ultraviolet photoelectron spectroscopy (UPS). The
molecular weights and polydispersities were determined by
GPC with tetrahydrofuran as eluent under room temperature as
well as trichlorobenzene at 180 °C for those relatively poorly
soluble polymers. The results are summarized in Table 1. The
molecular weights of the polymers are between 6.6 and 17.2
2603
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°C. Phase transition behaviors of the polymers were studied by
diﬀerential scanning calorimetry (DSC). The results are
summarized in Table 1 and provided in Figure 1 and Figure

28

beyond dodecane. Heat of fusion, surprisingly, presents an
opposite trend. An ascending trend is observed as the length of
CBS increases, as is shown in Figure 1. For instance, the
enthalpy of fusion for DPP-C2 was 3.4 J/g, which was only
about one-third of DPP-C12 (9.7 J/g). An odd−even eﬀect is
also observed for the heat of fusion. Counterintuitively, the
odd-numbered polymers exhibit larger heat of fusion than the
adjacent even-numbered polymers. For instance, DPP-C9 has
the heat of fusion of 9.6 J/g, while the numbers for DPP-C8
and DPP-C10 are 6.4 and 7.4 J/g, respectively. Heat of fusion is
directly correlated to the energy required to break the
intermolecular forces, suggesting that the odd-numbered
polymers have higher ordering and crystallinity, with the
structural similarities among all polymers.29 This observation is
in a good agreement with atomic force microscopy (AFM) and
grazing incidence X-ray diﬀraction (GIXRD) measurements.
Charge Transport Properties of Matrix Polymers and
the Complementary Polymer Blends. The charge transport
properties of DPP-Cm (m = 2−12) and their c-SPBs with the
tie chain polymer DPP-C0 were investigated using bottom-gate,
bottom-contact device conﬁgurations. The silicon wafer was
modiﬁed with octadecyltrichlorosilane (OTS-18). The gold
(Au) source-drain electrodes were prepatterned by photolithography. The polymer thin ﬁlms were formed by spincasting of 1,2-dichlorobenzene solutions (5 mg/mL for DPPC2 and 10 mg/mL for the rest). For c-SPB thin ﬁlms, matrix
polymers were premixed with the tie chain DPP-C0 (2 wt %).
After annealing at 80 or 120 °C under the nitrogen atmosphere
in the glovebox for the desired duration, the devices were tested
in air. Average mobilities were calculated from more than ﬁve
batches of devices with more than four devices in each batch for
statistical meaningful results.
For all matrix polymers, typical p-channel charge transport
behaviors are observed. The OFET results show a general
descending trend in mobility as the length of CBS increases.
The data from the OFET devices annealed at 120 °C are
summarized in Table 2 and Figure 2. Their output and transfer
curves are shown in Figure S9. DPP-C2 exhibits the highest
mobility among all matrix polymers. When annealed at 120 °C,
the maximum mobility of 0.032 cm2 V −1 s−1 and the average
mobility of 0.022 cm2 V−1 s−1 are obtained. The polymer with
the longest CBS in this series, namely DPP-C12, gives an
average mobility of 7.9 × 10−6 cm2 V−1 s−1, which is about 3
orders of magnitude lower than DPP-C2. Exponential ﬁt is used
to calculate the decreasing rate of the mobility. The result

Figure 1. Melting point and heat of fusion as a function of the number
of methylene units in the CBSs.

S8. Melting transitions are observed in the range of 90−220 °C
for all polymers, while the corresponding crystallizations occur
between 190 and 70 °C. It is observed that melting transitions
correlate with the length of the CBSs. The longer the CBSs, the
lower the melt transition temperatures are observed for the
polymers. For instance, DPP-C2 exhibits a broad melting peak
at 221 °C, while the melting point of DPP-C12 is as low as 71
°C. This phenomenon is a result of increasing the ﬂexibility of
the polymer backbone, resulting in lower melting points.
Interestingly, a distinct morphology diﬀerence is observed for
polymers with shorter CBSs (i.e., DPP-C2 to DPP-C8). The
even-numbered polymers exhibit higher melting points than the
adjacent odd-numbered polymers. For example, DPP-C6
presents a melting point at 153 °C, while DPP-C5 and DPPC7 exhibit melting transitions at 138 and 114 °C, respectively.
This trend fades for the polymers with CBSs beyond eight
methylene groups. A monotonous trend is observed for the
melting points of DPP-C8 (114 °C) to DPP-C12 (94 °C). This
overall trend is similar to the melting points of n-alkanes, in
which an obvious odd−even eﬀect is observed between
methane and undecane and a monotonous trend is observed

Table 2. Charge Transport Characteristics of DPP-Cm and c-SPB with 2 wt % of Tie Chain Polymer DPP-C0 Annealed at 120
°C
c-SPBs with DPP-C0 (2 wt %)

matrix polymers DPP-Cm
m (length of CBS)

μavg (cm2/(V s))

μmax (cm2/(V s))

Vth (V)

Ion/Ioff

μavg (cm2/(V s))

μmax (cm2/(V s))

Vth (V)

Ion/Ioff

2
3
4
5
6
7
8
9
10
11
12

0.023
0.012
0.013
0.0023
0.0023
8.2 × 10−4
5.4 × 10−4
1.2 × 10−4
1.6 × 10−4
4.9 × 10−5
7.9 × 10−6

0.032
0.025
0.025
0.0055
0.0052
0.0019
0.0011
1.7 × 10−4
2.5 × 10−4
1.0 × 10−4
1.3 × 10−5

−9.3
−9.8
−8.4
−6.9
−5.3
−6.6
−3.4
−7.1
−12.5
−14.1
−14.4

107−108
∼107
∼107
106−107
∼107
105−106
105−106
105−106
105−106
∼105
∼104

0.78
0.81
0.60
0.53
0.26
0.099
0.081
0.081
0.066
0.052
0.012

1.29
1.23
1.00
0.77
0.54
0.31
0.15
0.15
0.11
0.098
0.029

−10.2
−12.1
−11.7
−8.4
−8.9
−9.1
−7.4
−8.9
−10.2
−8.2
−9.8

∼107
106−107
106−107
106−107
106−107
106−107
∼106
105−106
105−106
105−106
∼105
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we have shown that the addition of small percentage of DPPC0 (1 wt %) into DPP-C3 leads to nearly 2 orders of
magnitude improvement in charge mobility.21 Similar behaviors
are observed for the entire matrix polymers studied in this
work, as plotted in Figure 2 and presented in Figure S10. In
other words, 2 or 3 orders of magnitude improvement in charge
mobility is generally observed. For instance, c-SPBs with DPPC2 or DPP-C3 as the matrix polymer show the highest
mobilities of ∼0.8 cm2 V−1 s−1, which are 1 or 2 orders of
magnitude higher than the pure matrix polymers. When using
DPP-C11 or DPP-C12 as the matrix polymer, c-SPBs provide
average mobilities of 0.052 and 0.029 cm2 V−1 s−1, which are
over 1000 times higher than their matrix polymers. By contrast
to the pure matrix polymers, charge transport in the c-SPBs is
signiﬁcantly less sensitive to the length of CBSs. For instance,
the c-SPBs containing DPP-C8, -C9, -C10, and -C11 present
nearly the same charge mobilities. Similarly, c-SPBs with DPPC2 or DPP-C3 as the matrix polymer show nearly identical
charge mobilities, despite that the charge mobility of DPP-C2 is
on average 2 times higher than that of DPP-C3. In addition, the
odd−even eﬀect is absent for the c-SPBs. In our previous work,
we have conﬁrmed the applicability of the tie chain model for
describing charge transport behaviors in the c-SPBs. That is the
tie chain polymer connects crystalline π-aggregates of the
matrix polymer, leading to enhanced charge transport properties. The phenomena observed here can be explained by this
model. For the matrix polymers, DPP-Cm, interchain transport
is the primary pathway for charge carriers because of the
absence of π-conjugation and delocalization along the backbone. Interchain transport is largely dependent on the density
of π-aggregates, which are further correlated to the length of
CBS. The longer the CBS, the lower the π-aggregate density
and the smaller probability to form eﬀective charge transport
network. This relationship essentially explains the observation
that charge mobility drops roughly 6 times with adding two
methylene units to the CBS for matrix polymers. In the c-SPBs,
however, eﬃcient intrachain charge transport originating from
the addition of tie chain polymer, DPP-C0, changes the
transport landscape. An interconnected network is formed
between crystalline π-aggregates and tie chains, which makes
charge transport behaviors no longer solely dependent on the
density of π-aggregates in matrix polymers. To summarize, we
are able to show how the density of π-aggregates can aﬀect the
charge transport properties. The present study also reconﬁrms
that eﬃcient charge transport properties of the complementary
blends are resulted from the interactions between matrix
polymers and tie chain polymers.
Thin Film Morphology Characterization. To correlate
charge transport properties with thin ﬁlm morphologies,
tapping-mode atomic force microscopy (AFM) and grazing
incidence X-ray diﬀraction (GIXRD) were used to probe the
thin ﬁlms of matrix polymers and their c-SPBs (with 2 wt % of
the tie chain polymer DPP-C0). The AFM images are shown in
Figure 3 and Figures S13−S16. Compared with the ﬁlms
without annealing (Figure S13), most of the ﬁlms annealed at
120 °C (Figure 3 and Figure S15) show larger domain sizes.
Figure 3 highlights the AFM images of DPP-C2 to DPP-C7
ﬁlms annealed at 120 °C. The polymers with the evennumbered linkages have a more interconnected feature that
appear more ﬁbrillar than the polymers with odd-numbered
CBSs.30 It is also noted that the AFM image of DPP-C7 thin
ﬁlm annealed at 120 °C is much smoother. Similar features are
also observed for DPP-C9 to DPP-C12 thin ﬁlms (Figure S15).

Figure 2. Charge carrier mobility as a function of number of
methylene groups in the CBSs in both pure DPP-Cm (red) and c-SPB
with 2 wt % of DPP-C0 (blue) OFETs annealed at 120 °C. Error bar
represents standard deviation.

reveals that for every two methylene units in the CBS, the
mobilities of the polymers would be 6 times lower on average.
This downward trend is in good agreement with the fact that
polymers with longer CBSs have a lower density of π−π
aggregates. It is known that π−π aggregates are crucial for
interchain charge transport. Previously, we have shown that
DPP-C20 failed to show any OFET performance.21 According
to the observed relationship here, the mobility of DPP-C20
would be 1.0 × 10−8 cm2 V −1 s−1, which is too low to be
properly measured.
Annealing of the devices at 80 °C was also performed
because some of the polymers have melt transitions below the
previous annealing temperature of 120 °C. Similar results were
obtained (see Figure S11). Comparing the OFETs performances at two diﬀerent annealing temperatures, we ﬁnd that for
those polymers with high melting points (>130 °C, DPP-C2 to
DPP-C6), higher annealing temperature (120 °C) leads to a
better performance. For those polymers with low melting
points (<120 °C, DPP-C7 to DPP-C12), no additional
improvement is observed with the annealing temperature of
120 °C. The additional thermal energy provided during
annealing allows the polymers to reorganize, which results in
more ordered ﬁlm morphologies, larger crystal grains, and less
grain boundaries. For DPP-C7 to DPP-C12, the melting points
are relatively low, and the annealing temperature at 80 °C is
suﬃcient enough to achieve the desired morphologies. In
contrast, for DPP-C2 to DPP-C6, a higher annealing
temperature of 120 °C is required to achieve optimum
morphologies.
Besides the observed descending trend, the odd−even eﬀect
is also observed for this set of matrix polymers. Ratios between
measured charge carrier mobility vs exponential ﬁt values are
shown in Figure S12. Polymers with even-numbered CBSs
generally show higher mobilities than the adjacent oddnumbered counterparts. For instance, DPP-C10 exhibits the
highest mobility of 2.5 × 10−4 cm2 V−1 s−1 and an average
mobility of 1.6 × 10−4 cm2 V−1 s−1. The adjacent oddnumbered derivatives, DPP-C9 and DPP-C11, present highest
mobilities of 1.7 × 10−4 and 1.0 × 10−4 cm2 V−1 s−1 and the
average mobilities of 1.2 × 10−4 and 4.9 × 10−5 cm2 V−1 s−1,
respectively. The only exception is DPP-C12 which has
mobility lower than the adjacent odd-numbered DPP-C11.
To investigate the inﬂuence of the length of CBS on the
charge transport properties of the c-SPBs, the fully conjugated
tie chain polymer DPP-C0 (2 wt %) was blended with the
matrix polymers DPP-Cm (m = 2−12). In our concept paper,
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polymers are smaller than the adjacent even-numbered
polymers, while the d−d spacing distances present an opposite
trend. The only exception is the d−d spacing distances of DPPC6. For example, DPP-C4 has a π−π stacking distance of 3.65
Å, which is larger than both DPP-C3 (3.61 Å) and DPP-C5
(3.64 Å). In addition, DPP-C4 has the d−d spacing distance of
21.6 Å, which is smaller than both DPP-C3 (22.7 Å) and DPPC5 (22.3 Å). The molecular packing distances observed here
are similar to DPP-based fully conjugated polymers. 1D regular
XRD measurement was also carried out to obtain more
information on the bulk material. The results agree very well
with the GIXRD measurements, as is shown in Figure S21. The
opposite trend in odd−even eﬀects between the π−π and the
lamellar stacking distances suggests that the even-numbered
polymers have higher tilting angles with respect to the surface
normal than the odd-numbered counterparts. We note that this
eﬀect has been observed in small molecule organic semiconductors recently.31 The origin of such an eﬀect shall be
linked to the tilting angles of the CBSs between the conjugated
segments. For the c-SPB ﬁlms, a similar odd−even eﬀect is also
present in the π−π stacking direction. Such a rich odd−even
eﬀect in semiconducting polymers resulted from varying the
length of conjugation-break spacers along the polymer
backbones has not been well-known. It opens a new dimension
in molecular design to control the polymer properties by using
proper conjugation break spacers.
Odd−Even Eﬀect, Physical Property, Thin Film
Morphology, and Charge Transport. The odd−even eﬀect
revealed in this study oﬀers a new dimension of controlling
properties of semiconducting polymers through the rational
molecular design, namely introducing conjugation-break
spacers along the polymer backbone. In earlier work, Pei et
al. prepared a set of small molecules by linking two conjugated
moieties with alkyl spacers and studied their inﬂuence on
microwire growth and crystal packing. From the crystal
structures, the odd-numbered aromatic moieties tend to exhibit
bent or “V-shaped” conﬁguration, whereas zigzag or “Z-shaped”
conﬁguration is favored in even-numbered derivatives. It was
also observed that the odd-numbered derivatives exhibit a
strong tendency of one-dimensional growth. In contrast, the
even-numbered molecules do not show any preferred crystal
growing tendency.32 In the current study, we conﬁrmed that
the odd−even eﬀect observed in small molecules can be
extended into polymeric materials. A summary of observations
from this work are as follows: (1) Polymers with oddnumbered CBSs show better solubilities, lower melting
transitions, smaller π−π stacking distances, two-dimensional
lamellar-like morphologies, and higher crystallinity. (2) When
the length of CBS exceeds eight methylene units, the odd−even
eﬀect in melting temperature becomes more subtle. (3) Charge
mobilities of this set of matrix polymers inversely increase as
the CBS length increases. Generally speaking, the longer the
CBS, the lower the π-aggregate density and the less likely to
form an eﬃcient charge transport network for matrix polymers.
However, the odd−even eﬀect is notably present in charge
transport, with even-numbered polymers outperforming their
adjacent odd-numbered counterparts. Considering that oddnumbered polymers exhibit smaller π−π stacking distances and
higher crystallinity, this observation is unexpected. The possible
explanation is that Z-shaped conﬁguration in even-numbered
polymers is more beneﬁcial for the formation of interconnected
charge transport network than V-shaped conﬁguration in oddnumbered polymers, hinted by the crystal structures in small

Figure 3. AFM images and cross-section ﬁgures of polymer thin ﬁlms
from DPP-C2 to DPP-C7. The polymer thin ﬁlms were fabricated by
spin-coating on OTS-modiﬁed Si/SiO2 substrates and annealed at 120
°C.

With longer and more ﬂexible CBSs, the melting temperatures
of polymers (from DPP-C7 to DPP-C12) are lower than the
annealing temperature of 120 °C. This renders less-featured
AFM images for these polymers. Subsequently, we carried out
AFM on these polymer thin ﬁlms annealed at 80 °C and were
able to obtain clear images for DPP-C7 and DPP-C9 to C12, as
is revealed in Figure S14. In addition, AFM measurements
suggest that polymer with longer CBSs ﬁlms become “softer”,
which leads to diﬃculties in getting clear AFM images even
using low force-constant AFM probe tips (k = 7.8 N/m). From
grazing incidence X-ray diﬀraction (GIXRD) experiments in
the next section, however, we can see the morphological and
packing diﬀerence between odd-numbered polymers and evennumbered polymers, including the polymers with longer spacer
lengths (DPP-C8 to DPP-C12). Furthermore, we performed
AFM on c-SPB thin ﬁlms. Little diﬀerence is observed between
the matrix polymer thin ﬁlms and their corresponding blend
thin ﬁlms, as exhibited in Figure S16. It implies that the
addition of 2 wt % of tie chain polymer DPP-C0 does not alter
the thin ﬁlm morphology macroscopically.
Grazing incidence X-ray diﬀraction (GIXRD) was performed
to illustrate the structure−property relationship for matrix
polymer and their c-SPB thin ﬁlms. The results are summarized
in Figures S17−S20. From the 2D-GIXRD patterns, we observe
that the π−π stacking peaks (010) of the matrix polymer and cSPB thin ﬁlms appeared in the in-plane direction, and the layerby-layer (d−d spacing) peaks (h00) appear in the out-of-plane
direction. This indicates that the “edge-on” orientation is
dominant in all thin ﬁlms. The corresponding 1D-GIXRD data
and peak information are shown in Figures S18 and S19. The
packing distances are calculated and plotted in Figure S20. The
results show clearly that the π−π stacking distance increase
with the length of CBSs. In a good agreement with the AFM
results, the odd−even eﬀects are conﬁrmed by X-ray diﬀraction
experiments. The π−π stacking distances of the odd-numbered
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spectral shifts, and the photon ﬂux was adjusted to minimize sample
damage.
General Method for Polymerization. 3,6-Bis(5-bromothiophen2-yl)-2,5-bis(4-decyltetradecyl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4dione (88 μmol) and ditin monomers (88 μmol) were added into a 35
mL microwave vessel. Upon stirring, the monomers were dissolved in
15 mL of anhydrous toluene and degassed with nitrogen for 15 min.
Pd2(dba)3 (2.5 mol %) and tris(o-tolyl) phosphine (4 mol %) were
added under nitrogen. The vessel was capped with a snap cap and
transferred to the CEM Discover automatic microwave reactor. The
reaction conditions were listed as follows: power cycling mode; power,
200 W; power cycles, 100; temperature, 150−180 °C; heating, 120 s;
cooling, 30 s; pressure, 150 psi; stirring, high. After the polymerization
was complete, the mixture was taken up and precipitated into
methanol. The solids were collected by a high quality glass thimble,
which was puriﬁed by Soxhlet extraction with acetone, hexane, and
chloroform. The chloroform fraction was precipitated into methanol.
The collected polymer was dried at 60 °C under vacuum with the
yields in the range of 61%−78%.
Fabrication of FET Devices. A heavily n-doped Si wafer with a
300 nm SiO2 surface layer (capacitance of 11 nF/cm2) was employed
as the substrate with Si wafer serving as the gate electrode and SiO2 as
the dielectric. The gold S/D electrodes were sputtered and patterned
by photolithography technique. The device channel width was 1400
μm; the channel length was 5 μm for pure DPP-Cm OFETs and 50
μm for blend OFETs. For the octadecyltrichlorosilane (OTS)
modiﬁcation, the silicon wafer (with Au bottom contact) was ﬁrst
cleaned with hot piranha solution (H2SO4 (98%):H2O2 (30% water
solution) = 7:3). It was then further subjected to sonication
sequentially in water and acetone for 6 min each. After drying at an
oven, the silicon wafer was then put in a Petri dish with a small drop of
OTS in the center. The dish was then covered and heated in a vacuum
oven at 120 °C for 3 h, resulting in the formation of an OTS selfassembled monolayer on the surface. The OTS-modiﬁed substrates
were rinsed successively with hexane, ethanol, and chloroform and
dried by nitrogen. The semiconductor layer was deposited on the
OTS-treated Si/SiO2 substrates by spin-coating with spin speed of
2000 rpm for 2 min. The concentrations of the solutions used for spincoating were 3 mg/mL for polymer DPP-0, 5 mg/mL for DPP-C2,
and 10 mg/mL for other DPP-Cm polymers. Before spin-coating, the
solutions were heated up to 50 °C. The devices were annealed in a N2purged glovebox at 80 or 120 °C and then tested in open air.
Device Characterization. Device characterization of the
fabricated OFETs was carried out using Keithley 4200 in ambient
air. The ﬁeld-eﬀect mobility was calculated in the saturation regime by
using the equation IDS = (μWCi/2L)(VG − VT)2, where IDS is the
drain−source current, μ is the ﬁeld-eﬀect mobility, W is the channel
width, L is the channel length, Ci is the capacitance per unit area of the
gate dielectric layer, VG is the gate voltage, and VT is the threshold
voltage.

molecules. (4) Charge transport in the c-SPBs is improved
dramatically (3−4 orders of magnitude improvement on
average). The odd−even eﬀect is absent in the c-SPBs. This
is because the interconnected network form by π-aggregates in
matrix polymer is no longer the only deciding factor of charge
transport. Instead, the interactions between π-aggregates and tie
chains and their newly formed interconnected network play a
dominant role in charge transport.

■

CONCLUSION

■

EXPERIMENTAL SECTION

In summary, we have prepared and characterized a set of 11
matrix polymers containing conjugation-break spacers with
various lengths. Our ﬁndings reveal a profound odd−even
eﬀect on the properties of this class of polymers, ranging from
solubility, melting transition, thin-ﬁlm morphology, and charge
transport. This work also reconﬁrms that eﬃcient charge
transport properties of the complementary blends result from
interactions between π-aggregates in matrix polymers and tie
chains of polymers. At present, we plan to take advantage of the
fact that charge transport in c-SPBs is not overly sensitive to the
length of conjugation-break spacer in matrix polymers and
explore the potentials of melt processing of c-SPBs.

Materials and Characterizations. All reagents and starting
materials were purchased from Sigma-Aldrich and used without further
puriﬁcation unless otherwise noted. 1H and 13C NMR spectra were
recorded using Varian Inova 300 and Bruker ARX 400 at 293 K with
deuterated chloroform as solvent. Room temperature gel permeation
chromatography (GPC) was performed in tetrahydrofuran under
room temperature with a Polymer Laboratories PL-GPC20. High
temperature GPC was carried out in trichlorobenzene under 180 °C.
The molecular weights were calculated using a calibration curve based
on polystyrene standards. Thermal gravimetric analyses (TGA) were
performed using a TA Instruments Q50 with samples heated from 40
to 800 °C at a rate of 10 °C/min under a nitrogen ﬂow (60 mL/min).
Diﬀerential scanning calorimetry (DSC) measurements were carried
out using a TA Q5000 calorimeter with an indium standard to
calibrate the instrument and nitrogen as the purge gas (50 mL/min).
Samples were sealed in hermetic aluminum pans. Each measurement
included two cycles with heating and cooling rates at 10 °C/min. UV−
vis−NIR spectra were recorded on an Cary 50 spectrophotometer
(300−1100 nm). High-resolution mass data were measured with
Micromass 70-VSE. Atomic force microscopy images were obtained
on a Veeco Dimension 3100 AFM in tapping mode. Grazing incidence
X-ray diﬀraction was performed at the Argonne National Laboratory
on beamline 8-ID-E. Data were collected with a two-dimensional
detector (Pilatus 1M) to obtain molecular packing information. The
beam energy was 7.35 keV. Experiments were carried under ambient
condition. One scan was carried for each sample with incident angle
set at 0.2°. For UPS analysis, indium tin oxide (ITO) coated glass
slides (RS = 15 Ω/□) were used as the substrates. The substrates were
cleaned through sequential sonication in sodium dodecyl sulfate
aqueous solution, deionized water, acetone, and isopropanol, followed
by UV-ozone cleaning for 10 min. To encourage polymer wetting, for
ﬁlms of DPP-C10, -C11, and -C12, the substrates were spun-cast with
a layer of PEDOT:PSS (Clevios P VP Al 4083) at 5000 rpm that was
annealed at 130 °C for 15 min in air. Polymer solutions were prepared
at 10 mg/mL in 1,2-dichlorobenzene, with the exceptions of DPP-C0
and DPP-C2 which were prepared at 3 and 5 mg/mL, respectively, and
stirred overnight at 50 °C. The ﬁlms were spun-cast at 2500 rpm in a
nitrogen-ﬁlled glovebox (H2O and O2 < 0.3 ppm) and transferred
without air exposure into a PHI 5600 ultrahigh-vacuum system (UHV)
for UPS measurements. UPS measurements were performed with a
10.20 eV photon source33 (E-lux, Excitech GmbH) and an 11 in.
diameter hemispherical electron energy analyzer with a multichannel
plate detector. The samples were monitored for damage-induced
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